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Abstract
The future of mobile and personal communications requires a system
that can support a large number of users and has the ability to provide
high-speed services. Meeting this demand is challenging since wireless
communications are subject to these four major constraints: complex
fading channels, a scarce usable radio spectrum, and limitations on
the power and size of the mobile terminals. Space-time codes, such
as the Alamouti/space-time block coding (STBC) and cyclic delay
diversity (CDD) can provide diversity and coding gains in multiple-
input multiple-output (MIMO) systems over fading channels.
However in an ad-hoc network, nodes are often constrained in hard-
ware complexity and size, which makes MIMO systems impractical for
certain applications. Cooperative relay diversity schemes have been
introduced in an effort to overcome these limitations. Cooperative
techniques allow a collection of communication nodes to cooperate
with to relay signals amongst each other, effectively creating a virtual
antenna array, which combat multipath fading in wireless channels.
This thesis investigates relay diversity techniques in cooperative com-
munications, namely the distributed space-time block coding (DSTBC)
and relay cyclic delay diversity (RCDD) for OFDM and MC-CDMA
systems. The performance analysis of the wireless relay networks un-
der different protocols and fading channels are investigated. We de-
rived the formulas for the symbol error rate (SER) of the investigated
schemes in fading channels.
Finally, a novel hybrid relay diversity (HRD) is presented for OFDM-
based system. This new relay structure addresses the issue of achiev-
ing a full spatial and multipath diversity by developing a hybrid for
CDD and STBC. Simulation on the system performance of HRD
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Demand for mobile wireless communications is growing at a rapid pace in terms
of the number of potential users and the speed of data. Meeting this demand
is challenging as wireless communication channels are subject to a phenomenon
known as multipath fading.
Multipath fading refers to the drastic changes in signal amplitude and phase
as a result of small changes in spatial separation between the transmitter and the
receiver. It occurs due to reflection, scattering and diffraction of the transmitted
signal at natural or man-made obstacles. A multitude of waves arrive from many
different directions with varying delays, amplitudes and phases, caused by the
mobility of the transmitter and/or receiver. At the receiver, the superposition
of this signals results in amplitude and phase variation of the composite signal
which cause the multipath fading.
The effect of fading can be exploited by increasing the diversity of the trans-
mission. Diversity gains can be obtained when the information signal is passed
through multiple independent realizations of the channel. Spatial diversity gain
can be achieved by employing multiple antennas at the transmitter and/or re-
ceiver. This technique is known as multiple-input multiple-output (MIMO). By
having multiple antennas, signal is transmitted through different independent
channels that increase the likelihood of one signal experiencing good channel
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condition. However, it is often impractical to have a large number of antennas
on mobile devices due to size, power, cost and complexity constraints.
To cater the demands of spectral and power efficiency as well as increase
reliability without having multiple antenna on devices, idle users in the network
can cooperate to form a virtual MIMO system. This is known as cooperative
communications. Cooperation provides a method of achieving spatial diversity
without the need for multiple antennas at the mobile device. Cooperation also
offers higher throughput than direct transmission among users [78].
Cooperation between nodes is certainly beneficial in the communication be-
tween mobile users and base stations. It can offer longer battery life and higher
throughput that enables high data rate multimedia applications. Besides cellular,
cooperative communications can also be implemented for ad-hoc and sensor net-
works [31, 66]. For example, power conservation is important in sensor networks
thus cooperation between sensor nodes can be used to reduce the likelihood of
decoding error. Therefore, the nodes are able to operate at low power and still
achieve the required data and error rates.
In the following, the basic concept of cooperative communications will be de-
scribed in details with the introduction on relay network and relay protocols.
Next, a brief overview on the context a brief overview on the context of cooper-
ative communications and wireless relay network will be given. The key concept
of power allocation method in wireless relay network, relay diversity schemes and
performance analysis will be presented. Finally, the main contributions of the
thesis will be outlined and the organization of the thesis will be given at the end
of this chapter.
1.2 Basic Concept of Cooperative Communica-
tions
Cooperative communications [49, 78, 79] exploit the spatial diversity in multiuser
systems by allowing users with different channel qualities to cooperate and relay
each other’s signal to the intended destination. Each signal is transmitted through
multiple independent paths, thus the probability that the signal fail to be received
17
at the destination is reduced. Through cooperation, each user may have only one
antenna but still achieve the diversity gain of a MIMO system, thus it is also
known as virtual MIMO system. Figure 1.1 shows the (a) MIMO system and (b)















Figure 1.1: (a) MIMO system and (b) cooperative network or vitual MIMO
system
Cooperative transmission scheme is different from the conventional point-to-
point system in which the user cooperation use multiple users’ resources to trans-
mit the signal from a single source and proper combination of signals is required
at the destination [98]. When two users transmit their signals to the destination
over independent fading channels, the channels are said to have deep fade when
the signal-to-noise ratio (SNR) falls under the pre-determined threshold. If the
two users cooperate by relying each other’s signals and the channel between the
users (inter-user channel) is reliable, the communication outage only occurs when
both users experience deep fade simultaneously. Hence, user cooperation miti-
gates multipath fading by providing the destination with redundant signal from
the relay and the receiver to average the individual channel effects. Studies on
various relaying schemes and discussion on diversity gain of cooperative networks
can be found in [30, 48].
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1.2.1 Relay network
The most fundamental concept of a cooperative communication in the relay net-
work, which was first introduced in [15, 92]. A simple relay network consists of a
source node, a destination node and a relay node that assists the communications
between the source and destination nodes, as shown on Figure 1.2. Although the
concept of relaying has been investigated since more than 30 years ago, there are
still many open problems for the relay channel. For example, in general, the ca-
pacity of the relay channel is still unknown even for the case of Gaussian channel.
As a result, most of the research efforts have focused on finding efficient protocols




Figure 1.2: Simple relay network consists of a source node, a destination node
and a relay node
Traditionally, relays have been used to extend the coverage of wireless com-
munication systems. However, there are many other applications of relay com-
munications have emerged recently. For example, relaying is used to assist the
communication between the source and destination using some cooperation proto-
cols. The diversity of the communication system can be improved by controlling
medium access between source and relay nodes, and appropriately choose the
modulation and coding schemes. In multiuser systems, the idle users can act
as relays and share their resources to assist each other in signal transmission,
creating a cooperative network.
1.2.2 Relay Protocols
This section outline several relay protocols and demonstrate their robustness on
fairly general channel conditions. The two main relaying protocols are amplify-
and-forward (AF) and decode-and-forward (DF). In AF, the relay node amplifies
19
the received signal before transmit to the destination node, while in DF, the relay
node decodes the received signal, re-encode and then forward the signal to the
destination node. Other cooperation strategies with different relaying protocols
have been studied in [48]. Repetition and space-time algorithm has been proposed
in [49] to achieve diversity gain, where the mutual information and outage prob-
ability are analyzed. In repetition-based cooperation, relay nodes retransmit the
signal in a time division multiple access (TDMA) manner, while in space-time co-
operation, relay simultaneously retransmit the signal using a suitable space-time
code. Distributed space-time codes (DSTC) have been proposed to improve the
bandwidth efficiency of cooperative transmissions [63, 77, 91, 94].
1.2.2.1 Amplify-and-forward
Amplify-and-forward is a simple cooperative signaling method. The relay node
receives a noisy version of the original transmitted signal from the source node. As
the name implies, the relay node amplifies the received noisy signal and retransmit
to the destination node. At the destination node, the signals received from the
source and relay nodes are combined and detection process is done. Although
noise is amplified through relaying, the destination node receives two independent
degraded versions of the signal and will make decision for information detection.
The method has been proposed in [48, 50] where for two-user case, AF achieves
diversity order of two, which is the best possible outcome at high SNR. It is
assumed that the destination node knows the inter-user channel coefficient to do
optimal decoding. Therefore, some mechanism of exchanging or estimating the
channel information must be implemented. Another possible challenge is that
sampling, amplifying and retransmitting analog values are technologically non-
trivial. Nevertheless AF is a simple relaying protocol and has been very useful in
further understanding cooperative communication systems.
1.2.2.2 Decode-and-forward
The concept of decode-and-forward protocol is similar to traditional relay. In DF,
relay node attempts to decode the received signal and re-encode before forward
the coded signal to the destination node. The relay nodes may be pre-assigned by
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the destination or through some techniques. Several techniques on relay selection
have been studied in the literature such as in [10, 56]. It is possible that the relay
node is not able to detect the information successfully, in which case cooperation
can be detrimental. The destination node needs to know the error characteristics
of the inter-user channel. To avoid error propagation, a hybrid DF method is
proposed in [50] where the relay node only participate in cooperation when the
fading channel instantaneous SNR is high. Another method is proposed in [90]
where cooperation protocol is decided based on SNR threshold at relay node. If
the channel has high SNR, DF will be chosen as the protocol, else the relay will
choose AF.
1.3 Power Allocation Method
This section presents power allocation methods under different network topolo-
gies, cooperation methods and channel state information (CSI) assumptions. Two
main topologies have been considered: dual-hop topology and general multihop
topology. If the source node does not know the CSI, the diversity gain is achieved
by allowing all user nodes to have a fair share of each other’s resources. On the
other hand, if CSI is known, significant improvement in terms of error probabil-
ity, outage probability and capacity can be obtained by applying optimal power
allocation among cooperating user nodes.
1.3.1 Two-hop relay network
Consider a two-hop wireless relay network as shown in Figure 1.3 that consists of
a source node, S, a destination node, D and R relay nodes, denoted by RNr, r =
1, ..., R. Let hSr and hrD be the complex channel coefficients from S to RNr and
from RNr to D respectively. In this case, power allocation becomes interesting
due to the increased degree of freedom due to multiple relay nodes. Relaying is
done in two phases: in the first phase, S broadcasts its message signal and in
the second phase, relay nodes RNr, r = 1, ..., R transmit the processed version of
the received signal to D. The transmit power of S and RNr are denoted as P1




r=1 P2,r = P2. The optimal power allocation schemes depends
on the quality of service (QoS) measures such as the outage probability, capacity,
SNR and SER. The objective is to find the optimum P1 and P2,r to maximize
the QoS performance at the destination subject to total power constraint. The
reverse optimization can also be considered in which total power is minimized









Figure 1.3: Wireless relay network consisting of a source S, a destination D, and
R relay nodes RN .
The relay network in Figure 1.3 can be viewed as a virtual antenna array that
transmits noisy versions of the original information signal from the source node.
If CSI is known at relay nodes, precoding techniques can be used to compensate
the channel gain and phase rotation to achieve better detection performance. For
orthogonal relaying channel (repetitions-based cooperation), D receives R copies
of the source information signal from relay nodes with no interuser interference.
With the knowledge of the exact channel coefficients, the R information signals
can be combined coherently at D to increase the received SNR.
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where (x)+ = max(x, 0) and γr =
|hSr|2|hrd|2
P1|hSr|2+1
[61]. The Lagrange multiplier η is chosen to meet total power constraint of the
relay node. The relay node RNr is allowed to transmit if and only if γr > η.
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Power allocation for the DF relay protocol with orthogonal relay channels
was derived in [49] to maximize the capacity. Assume a set of relay nodes RN
correctly decode the signal received from the source node. These relay nodes
then forward the signal to the destination node, similar to multiple antennas on
a single user terminal. In low SNR regime, the optimum power allocation is to
choose the relay node in RN with the best channel condition and allocate the
power to that particular relay node [62]. This shows that the selective relaying
scheme is optimal for DF relaying protocol with orthogonal relay channel.
For the case of non-orthogonal relay channel where relay nodes simultane-
ously transmit to the destination node, beamforming technique can be used. The
optimal beamforming factor for AF has been derived in [23] to optimize the re-
ceived signal when full CSI is available at relay nodes. If the phase information
is not available to the relay nodes, all power should be allocated to one relay
[11, 58, 103]. It is shown in [11] that selective relaying is optimal in minimiz-
ing the outage probability for the DF space-time encoded scheme under total
power constraint. A selective relaying strategy has been derived in [58] for AF
space-time encoded scheme, which is optimal in minimizing the SER.
The power allocation strategies described above may not contribute to longer
network lifetime as the objective functions do not take residual battery energy of
each relay node into account. The relay selection strategies in [14, 32] are used to
extend network lifeline and power allocation scheme that consider residual battery
energy at relays is proposed in [55]. The latter scheme can extend the network
lifetime considerably compared to the power allocation that depends only on the
channel conditions.
In practice, it is normally hard to obtain the instantaneous CSI for all channel
links of the system. Therefore, power allocation strategies with less stringent
assumptions on CSI have been proposed. For example, a power allocation strategy
for DF space-time encoded scheme was derived in [53] by assuming that the relay
node r, RNr knows only the instantaneous channel gain of the first hop |hSr| and
the average channel gain of the second hop, E|hrD|2. A near optimal solution
that minimizes the outage probability is derived by selecting a set of relay nodes
and allocating them with an equal share of power.
With the same amount of channel information, the optimal power allocation
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strategy for the AF protocol was derived in [101]. Furthermore, when only statis-
tics of channels are available at the relays, power allocation strategies for the
AF space-time-encoded scheme are proposed in [58]. The signal received at relay
node r, RNr is scaled by a real factor Ar to keep the average power of RNr as










where σ2hSr is the variance of the source to relay node r channel and No is the
noise variance. The second choice of Ar is recommended since it is not a random
value while keeps the power constraint from the long term point of view. Besides
hSr in (1.2) could only be replaced by its estimate hˆSr which may not keep the
average relay power exactly as P2,r. In this thesis, Ar in (1.3) will be adopted.
Nevertheless, the provided studies could be easily extended for Ar in (1.2).
1.3.2 Multihop relay network
The wireless relay network can be extended to multihop scenario where several
relay nodes are connected in series. The idea will be similar as the two-hop
case. One possible hopping strategy could be that by concatenating multiples
of the three-node or the two-hop networks each level of relay nodes retrieves the
source information by processing the signals from the two closest previous levels
of relays. Instead of restricting to the two-hop cooperation, signals from N hops
away can be combined to enhance the detection at the destination.
In conventional multi-hop systems, the received signals that contain insuffi-
cient energy for reliable detection are discarded, e.g., signals from distant trans-
mitters. On the contrary, with cooperation, the receiver may combine signals
transmitted via different relays, regardless of the signal strength, to enhance the
detection performance or to reduce the energy consumption. In [13] the con-
cept of multihop diversity is introduced where the benefits of spatial diversity are
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achieved from the concurrent reception of signals that have been transmitted by
multiple previous terminals along the single primary route. This scheme exploits
the broadcast nature of wireless networks where the communications channel is
shared among multiple terminals.
On the other hand, the routing problem in the cooperative radio transmission
model over static channels is studied in [47], where it is allowed that multiple
nodes along a path coordinate together to transmit a message to the next hop
as long as the combined signal at the receiver satisfies a given SNR threshold
value. The gain in energy efficiency and the respective power allocation strate-
gies have been also studied in [31, 34, 60]. In [60], a new cooperative routing
protocol is introduced using the Alamouti space-time code for the purpose of en-
ergy savings, given a required outage probability at the destination. Two efficient
power allocation schemes are derived, which depend only on the statistics of the
channels.
It has been proven in [51] that the minimum energy cooperative path routing
problem, i.e., to find the minimum-energy route using cooperative radio trans-
mission, is NP -complete. This is due to the fact that the optimal path could
be a combination of cooperative transmissions and point-to-point transmissions.
Therefore, two types of building blocks can be considered: direct transmission
(DT) and cooperative transmission (CT) building blocks. In Figure 1.4 the DT
block is represented by the link (RN1, RN2), where RN1 is the sender and RN1
is the receiver. In addition, the CT block is represented by the links (RN3, RN5),
(RN3, RN4), and (RN4, RN5), where relay node RN3 is the sender, relay node
RN4 is a relay, and relay node RN5 is the receiver. The route can be considered
as a cascade of any number of these two building blocks, and the total power of
the route is the summation of the transmission powers along the route. Thus, the
minimum energy cooperative path routing problem can be solved by applying any
distributed shortest-path routing algorithm such as the distributed Bellman-Ford
algorithm [34].
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Figure 1.4: Multihop relay network: Cooperative Transmission (CT) and Direct
Transmission (DT) modes as building blocks for any route
1.4 Relay Diversity Schemes
The main problem with the repetition-based multinode DF protocol [75] and AF
protocol [74], as it is discussed in previous section, is the loss in data rate as
the number of relay nodes increases. This is due to the multi-phases nature of
repetition-based cooperation. The use of orthogonal subchannels for the relay
node transmissions, either through TDMA or FDMA, results in a high loss of
the system spectral efficiency. Therefore, relay diversity schemes are introduced
where relay nodes are allowed to transmit simultaneously over the same channel.
1.4.1 Distributed Space-Time Coding
In wireless communication systems, the spatial diversity can be achieved by mul-
tiple independent paths between multiple antennas at the transmitter and the
receiver, possibly in conjunction with space-time codes (STCs).
Space-time trellis code (STTC) has been proposed in [88] as an STC that
combines signal processing at the receiver with coding techniques appropriate to
multiple transmit antennas. STTC designed for two, three and four transmit
antennas perform extremely well in slow-fading environment which is typical for
indoor transmission and has a very close outage capacity to multiple-antenna
system in [89] and [42]. However, when the number of transmit antenna is fixed,
the decoding complexity of STTC, measured by the number of trellis states in
the decoder, increases exponentially with the transmission rate. In addressing
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this problem, Alamouti proposed a remarkable scheme for transmission using
two transmit antennas in [2]. Alamouti code [2] has less complexity but there is
performance loss compared to STTC. Despite the performance penalty, Alamouti
code is still appealing in terms of simplicity and performance that motivates the
search for similar schemes for more than two transmit antennas. Alamouti code
is created based on the theory of orthogonal design which has been studied by
Radon in [70]. Tarokh in [86] has extended the orthogonal code to be used for
transmission using more than two transmit antennas, namely space-time block
code (STBC).
Recently, the idea of space time coding has been applied in wireless relay
networks in the name of distributed space time coding (DSTC) to extract sim-
ilar benefit as in point to point MIMO systems. Several works have considered
the application of the existing space-time codes in a distributed fashion for the
wireless relay network (e.g., see [5, 6, 82]). Most of these works have considered
a two-hop relay network where a direct link between the source and destination
nodes does not exist, as shown in Figure 1.3. In [59], the direct link between the
source and destination nodes is also incorporated in the DSTC. Mainly there are
two types of distributed space time coding techniques discussed in the literature:
(1) DF-based DSTC [49], where in a subset (chosen based on some criteria) of
the relay nodes decode the symbols from the source and transmit a row/column
of a STBC and (2) AF-based DSTC [40], where all the relay nodes perform lin-
ear processing on the received symbols according to a DSTBC and transmit the
resulting symbols to the destination. The AF-based DSTC is of special interest
because the operations at the relay nodes are greatly simplified and moreover
there is no need for every relay node to inform the destination once every quasi-
static duration whether it will be participating in the DSTC process as is the
casein DF-based DSTC [49]. The design of practical DSTCs leading to reliable
communication in wireless relay networks has been considered in [40, 59, 72].
In [39], a cooperative strategy was proposed, which achieves a diversity factor
of R in an R-relay wireless network, using the so-called DSTC. In this strategy, a
two-phase protocol is used. In phase one, the transmitter sends the information
signal to the relays and in phase two, the relays send information to the receiver.
The signal sent by every relay in the second phase is designed as a linear func-
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tion of its received signals and their complex conjugate. It was shown that the
relays can generate a linear STC at the receiver, as in a multiple antenna system,
although they only cooperate distributively. The technique was also shown to
achieve optimal diversity at high SNRs [39]. The design of practical DSTCs that
lead to reliable communication in wireless relay networks has also been recently
considered [40, 59, 72].
Although AF-based DSTC does not need instantaneous channel information
at the relays, it requires full (transmitter-to-relays and relays-to-receiver)channel
information at the receiver, implying that training symbols need to be sent from
both the transmitter and relays. For example, in [40], the destination was as-
sumed to have perfect knowledge of all the channel fading gains from the source
to the relays and those from the relays to the destination. To overcome the need
for channel knowledge, distributed differential space time coding was studied in
[41, 67, 73], which is essentially an extension of differential unitary STC for point
to point MIMO systems to the relay network case. In [71], an AF DSTC involving
a combination of training, channel estimation and detection in conjunction with
existing coherent distributed STBCs is proposed for non-coherent communication
in AF relay networks.
Distributed space-time coding was generalized to networks with multiple-
antenna nodes in [38], and the design of practical DSTCs with multiple antennas
terminals has also been recently considered in [54, 57, 67]. In [54, 57], the orthog-
onal and quasi-orthogonal space-time design is used for AF-based wireless relay
networks with multiple-antenna nodes.
1.4.2 Distributed Delay Diversity
As an alternative to DSTC, an artificial diversity, which mimics the effects of
spatial diversity, can be introduced in wireless communication systems by the
use of artificial delays. The idea is to transmit the same information modulated
symbols from separate antennas with different time delays, thereby causing mul-
tipath replicas even when the channel is flat. With the help of an equalizer the
receiver can extract these paths and achieve a delay diversity (DD) gain [97]. For
communication systems that employ the inverse fast Fourier transform (IFFT)
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and fast Fourier transform (FFT) operators such as OFDM and single carrier
with frequency domain equalization (SC-FDE), DD can be achieved through the
use of a cyclic delay. Cyclic delay diversity (CDD) has been used in combination
with OFDM in [12, 96] and has been used with SC-FDE systems with no addi-
tional complexity at the receiver in [83]. In this context, cyclic delay increases
the selectivity of the fading channel which in the presence of channel coding can
increase the diversity gain of the system. The use of CDD distributively (i.e.
located at different users) to exploit macro-diversity has been presented in [33].
This scheme is also known as relay cyclic delay diversity (RCDD). The drawback
of this scheme is that the wireless infrastructure must rely on radio network con-
troller to deliver in a timely fashion the data to multiple transmitters. Obviously,
the control and data signaling in the backhaul will be very high. To avoid this
complexity, distributed relay nodes should be used instead. In analogy to CDD
and in order to provide frequency selectivity and spatial diversity in a cooperative
relaying wireless communication system, a set of distributed users is treated as
a single entity composed of multiple antennas where at each relay node transmit
antenna, a cyclic shift is applied to the OFDM symbol and will be forwarded
between to the destination node.
According to the proposed methods of artificial frequency selectivity, spatial
diversity is provided in a cooperative relaying wireless communication system.
The artificial frequency selectivity is exploited in conjunction with forward error
correction coding (FEC) to provide a coding diversity gain. It is interesting
to mention that the destination node does not need any information about the
number of relay nodes. The destination node receives the multiple access signals
and decodes the data that may be combined with the signal directly received
from the source node. The combined signal as experienced by the destination
node will in a sense be similar to the signal from a transmitter with multiple
antennas, utilizing CDD, but with the added benefits with regards to gain and
coverage associated with cooperative relaying.
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1.5 Main Contributions of the Thesis
The thesis provides analytical studies of DSTBC and RCDD for two-hop multiple
relay OFDM and MC-CDMA systems. The analysis are conducted for spatially
uncorrelated relay configurations with coherent modulation. Pathloss and shad-
owing are assumed to be perfectly counteracted by perfect power control and
only the multipath fading has been considered. The contributions of the thesis
are highlighted below:
1.5.1 Distributed space-time block coding (DSTBC)
A practical DSTBC for wireless relay network is designed using AF scheme, where
each relay transmits a scaled version of the linear combination of the received
symbol and their complex conjugate. The focus is on the STC cooperation using
generalized orthogonal STBC, which are systematically constructed, orthogonally
decodable, full-rate and full-diversity. The scheme is valid for any number of
relays with linear orthogonal decoding in the destination, which make it feasible
to employ large number of potential relay to improve the diversity order. The
DSTBC is generalized in AF mode when the source-destination link does not
exist in both phases of the transmission. The PEP is derived to evaluate the
diversity gain of the DSTBC system. Another contribution is the derivation of the
approximate average SER for AF Alamouti with linearly-precoded OFDM over
frequency selective Rayleigh fading channel. The results can be easily extended
to any full-diversity, full-rate DSTBC such as the orthogonal code in [86]. The
analytical results are confirmed by simulations, indicating the accuracy of the
analysis and the fact that DSTBC can be designed based on orthogonal codes.
1.5.2 Relay cyclic delay diversity (RCDD)
A low-complexity RCDD is designed for AF relaying where each relay transmits
a scaled and cyclically-delayed version of the received signal. The focus is on
the construction of delay matrix for RCDD so that the end-to-end relay channel
becomes consecutive in their delay lags. The scheme is valid for any number
of relay nodes and it is simple to implement. The PEP is derived to evaluate
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the diversity gain of the RCDD system. The analytical results are confirmed by
simulations, indicating the accuracy of the analysis and the fact that RCDD can
be a contender for DSTBC in wireless relay network.
1.5.3 DSTBC and RCDD MC-CDMA
DSTBC and RCDD are designed for multiuser MC-CDMA system. Distributed
framework for cooperative MC-CDMA is presented where the multiple access
signals are transmitted through relay nodes and then forwarded to the destination.
The main contribution is the derivation of the closed-form expression of average
SER for DSTBC and RCDD.
1.5.4 Hybrid Relay Diversity
A novel relay diversity scheme known as HRD is designed for AF relaying. HRD
combines the advantages of DSTBC and RCDD thus creating a simple yet supe-
rior technique in cooperative communication. The performance vs. complexity
trade-off of HRD is determined by the order trade-off of DSTBC and RCDD.
Simulations of HRD over frequency selective Rayleigh fading channel with differ-
ent configurations show the superior performance of HRD compared to DSTBC
and RCDD.
1.6 Organization of the Thesis
This thesis consists of seven chapters. In Chapter 2, the fundamentals of wireless
communications are briefly reviewed. Then Rayleigh, Rician and Nakagami-m
multipath fading models are characterized for frequency flat case and further
extended for selective environments. Later in the chapter, the basic principles and
data detection techniques of OFDM and MC-CDMA systems are reviewed. The
signal structures of these systems are explained by using their simplified models.
For MC-CDMA, different single user detection techniques are formulated which
are used in Chapter 5.
Chapter 3 starts by revisiting the design and performance criterion of DSTBC
OFDM. Diversity gain of the system is derived and simulations have been done to
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prove the theoretical gain. Then the performance of distributed Alamouti system
is investigated in frequency selective channel environment.
In Chapter 4, relay CDD is presented for OFDM relay system using amplify
and forward protocol. First, the transformation of spatial diversity into frequency
is shown by using PD which is frequency domain equivalent of cyclic delay. Then
performance of RCDD in term of diversity gain and error rate is investigated
under several scenarios.
Chapter 5 presents a new framework of distributed MC-CDMA system where
the first relaying hop is a multiple access scenario and the second hop is a downlink
transmission. The error rate performance for RCDD and distributed orthogonal
block codes have been investigated in this system with decode-and-forward pro-
tocol. Similar to Chapter 4 and 3, both schemes are generalized for arbitrary
number of relay nodes.
Chapter 6 presents a novel hybrid relay diversity (HRD) which is a combi-
nation of CDD and orthogonal block codes employed at relay nodes. Equipped
with CDD, a fraction of the total number of relay nodes is used to extract the
frequency (multipath) diversity, while the remaining relay nodes employing ST
block codes provide maximum spatial diversity. The hybrid architecture makes
full use of frequency domain spreading and channel coding, thereby providing
excellent spatial and frequency diversity which is otherwise impossible to real-
ize with standalone CDD or block codes. The simulation of performance of the
system is presented in relay OFDM with amplify and forward protocol.






Orthogonal frequency-division multiplexing (OFDM) has been the interest of re-
searchers in the recent years due to its ability to prevent intersymbol interference
(ISI) in broadband wireless channels. It is a digital modulation scheme which is
based upon the principle of frequency-division multiplexing (FDM). The mod-
ulated and coded high-rate bit stream is split into several parallel low-rate bit
streams which will be transmitted over one subchannel. The subcarrier frequen-
cies are chosen so that the modulated data streams are orthogonal to each other
and therefore the interchannel interference (ICI) which is the crosstalk between
the subchannels can be eliminated. OFDM symbols are separated by a guard
interval which is the copy of the last bits of the symbol with a length longer than
the maximum channel delay spread to prevent ISI. Therefore, channel equaliza-
tion is simplified by using many slowly modulated narrowband signals instead of
one rapidly modulated wideband signal.
OFDM has been employed by several latest technology for wideband digital
communications system. Among numerous applications, few are asymmetric dig-
ital subscriber line (ADSL) and very high bit rate digital subscriber line (VDSL)
broadband access which employ the existing telephone network copper wires.
Then, IEEE 802.11a/g which are the standards for wireless local area network
(WLANs) plus the digital audio broadcasting (DAB) systems like EUREKA 147,
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digital radio Mondiale, high definition radio, terrestrial and mobile digital video
broadcasting systems (DVB-T, DVB-H). In recent years, the certification of
IEEE 802.16 standards i.e. fixed and mobile worldwide interoperability for mi-
crowave access (WiMAX) systems will introduce OFDM into the cellular wireless
networks [35, 65].
Despite all the benefits of OFDM, there are still challenges to design a very
high speed wireless links that offers acceptable quality-of-services (QoS) in both
line-of-sight (LoS) and non-LOS (NLoS) environments. The work of Nyquist and
Shannon [80] on fundamental limits of digital communication systems by formu-
lating the channel capacity, has inspired many researchers to design a system that
the maximum amount of error-free information that can be transmitted over the
channel in a given time and bandwidth. Assuming perfect channel conditions, a
standard single-input single-output (SISO) wireless link can achieve data rates
of above 109 bits/sec by using a nominal spectral efficiency of 4-5 bits/sec/Hz
over a 250 MHz. However it is almost impossible to have a SISO system with
such high spectral efficiency due to cost, transmit power and spectrum regula-
tory constraints. The transmit power and received signal-to-noise ratio (SNR)
is restricted due to biohazard considerations. Typical values for mobile or close
proximity devices are set to be as low as 1 Watt indoor and about ten times
higher in outdoor tower-mounted base stations. Also, the cost in manufacturing
of highly linear receivers limits peak SNR ranges. Current regulatory standards
for spectrum allocation limits bandwidth availability and very costly, especially
for the frequency band below 6 GHz which are most suitable for NLoS networks.
Large chunks of bandwidth are easier to obtain in higher frequency band ranges
(above 40 GHz) but at frequency higher than 6-7 GHz, the effect of shadowing
caused by obstruction in the propagation environments increases making NLoS
wireless link unreliable and most of the time useless. Therefore, spectrally efficient
wireless links are neither feasible in conventional SISO system due to peak and
average SNR limitations nor can they be realized by utilizing bigger bandwidth
chunks in higher frequency bands as it results in severe reduction in ranges.
MIMO architecture presents a technological breakthrough that will meet the
ever increasing demands of wireless networks by providing an increased in spec-
tral efficiency through spatial multiplexing gain and improved link reliability with
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diversity gain from the multiple antenna structure. These gain can be achieved
without additional transmit power or receive SNR. However, such systems posed
transceiver complexity which becomes more complicated in broadband systems.
Although OFDM-based air-interfaces can provide solution to the issue of broad-
band channel, increasing the number of antennas at user terminals especially
mobile devices is often impractical due to size and hardware complexity. This
limitations motivate the current research trend in cooperative communications as
presented in Chapter 1.
This chapter presents the fundamental knowledge to further appreciate the
work in this thesis. A review on system performance measures is given, highlight-
ing the derivation of average SNR, outage probability and diversity gain. Next, a
detail description of mobile wireless channel is given as well as the channel mod-
eling. With the appropriate channel model, the performance analysis of wireless
relay network is derived. Finally, OFDM and MC-CDMA structure and detection
is presented.
2.2 System Performance Measures
2.2.1 Average SNR
The most common and well understood performance measure characteristic of a
digital communication system is SNR. In simple mathematical terms, if γ denotes
the instantaneous SNR, which is a random variable at the receiver output that





is the average SNR, where pγ(γ) denotes the probability density function (PDF)
of γ.
2.2.2 Outage Probability
Another standard performance criterion characteristic of diversity systems oper-
ating over fading channels is the so-called outage probability - denoted by Pout.
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The outage probability defined as the probability that the instantaneous error
probability exceeds a specified value or equivalently the probability that the






which is the cumulative distribution function (CDF) of γ, evaluated at γ = γth.
2.2.3 Diversity Gain
Providing additional independent copies of the same information via independent
shadowing and fading channels yields diversity gains. These gains stem from the
fact that with the amount of additional copies increasing, the probability of all of
them being illegible decreases. The provision of such copies can be achieved, for
example, by having a relay provide a copy in addition to the information received
already via the direct link; or by having several relays provide copies in parallel.
Diversity gains improve the performance of the system, such as the probability
of error Pe or outage Pout. Either probability depends on the rate R in a similar






where d is the diversity gain or diversity order, and const(R) is some constant
depending on R. It effectively equals the number of copies of the same informa-
tion; for instance, having one relay and a direct link providing two independent
copies of the same information, yields d = 2. At the same level of performance
metric, for example, requiring an outage probability of 1%, increasing the diver-
sity order allows a saving in transmit power; for instance, with d = 2 about 3 dB
transmission power can be saved in a flat Rayleigh fading channel.
2.3 Mobile Wireless Channel
In wireless communications, the communication medium between terminals is
called a mobile radio channel. Radio wave propagation through this wireless
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channels is a complicated phenomenon characterized by various effects, such as
noise, interference and fading. Noise is the most common form of distortion in
communication system which originates from the operating temperatures of the
ohmic elements in the receivers, thereby limiting its sensitivity. The degradation
in cellular networks can also result form intra, inter, adjacent and co-channel in-
terferences which vary with frequency reuse patterns and duplexing modes. Mul-
tiple access interference (MAI) exists in multiple access network, where multiple
users share the network resources of time, frequency, code or the combination
of them, to increase the number of users supported by the network. Multipath
propagation of a signal caused fading in mobile radio channel. Multipath fading
can be divided into two broad categories: large-scale fading and small-scale fading
[76].
Large-scale fading is represented by the average signal power attenuation due
to motion over large areas and is affected by prominent terrain contours such
as hills, forests and man-made structures. The statistics of large-scale fading
provide a way of computing an estimation of the average signal strength loss as
a function of distance. This is described in terms of pathloss and shadowing.
Pathloss can be defined as the decay of the mean signal power with distance from
the transmitter. It includes all possible elements associated with interactions
between the propagating wave and any object between the transmit and receive
antennas. In free space, the mean signal power decreases with the square of the
distance from the transmitter. In wireless channels, where often no direct LoS
path exists between the transmitter and receiver, the signal power decreases with
a power higher than two and is typically in order of three to five [76].
Shadowing is caused by the obstruction of the transmitted waves, for example
by hills, building, walls and trees. This results in some paths with increased loss
while others less obstructed reaching the receiver with increased signal strength.
This varying signal strength exhibit a log-normal behavior and generally modeled
by log-normal distribution [76].
Provided that the other fading (small-scale fading) components are removed
by correct averaging, the effects of mean pathloss and shadowing can be noted
by plotting the average signal level for different points in a propagation medium
against distance, which fits into a line [69]. The slope of the line depends on
37
the frequency used for transmission, antenna height and propagation environ-
ment. The associated standard deviation of the large scale fading depends on the
medium and has been observed to vary between 5 to 12 dB [76]. When design-
ing communication systems, a power margin is set aside to compensate for these
types of fading.
Small-scale fading is commonly known as multipath fading which refers to
the drastic changes in signal amplitude and phase as a result of small changes
in spatial separation between the receiver and the transmitter. It occurs due to
reflection, scattering and diffraction of the transmitted electromagnetic wave at
natural or man-made objects. A multitude of waves arrive from many different
directions with varying delays, amplitudes and phases, caused by the mobility
of either the receiver, the moving objects or both, in the wireless channel. At
the receiver, the superposition of these waves results in amplitude and phase
variations of the composite received wave resulting in time-variant multipath
propagation. The varying signal strength due to small-scale fading is highly
sensitive even to small displacement in the order of the wavelength and may
result in a totally different wave superposition.
The attenuation of received signal strength caused by large-scale fading (shad-
owing and pathloss) can be counteracted completely by power control/margins
and are not considered further in this thesis. Also, the thesis considers only a
single cell scenario with MAI.
Next, an overview of the wireless channel is discussed with respect to the
small-scale multipath fading characteristics.
2.3.1 Time-variant Multipath Propagation
The small-scale fading manifests itself in two mechanisms of time variance and
signal time-spreading. A statistical description of multipath channel based on
Bello’s model [8] has been used here to explain these mechanisms, since a deter-
ministic description appears impossible in practice. Bello proposed the concept
of wide sense stationary uncorrelated scattering (WSSUS) which treats signal
variation arriving with different delays as uncorrelated and assumes that such a
channel is effectively WSS in both time and frequency domains. In the case of
38
a mobile wireless channels, this model contains four functions; two describe the
signal time-spreading (one in the time and the other in the frequency domain),
and two describe the time-variance of the channel due to motion (also covering
both time and frequency domains). Next, these functions and the way they are
connected with each other are briefly reviewed.
The mobile wireless channel is described by the time-variant channel impulse
response h(τ, t), which represents the response of the channel at time t due to
an impulse applied at t− τ . The Fourier transform of h(τ, t) is the time-variant
channel transfer function H(f). The assumption of WSS represents a channel
whose fading statistics remain constant over short period of time or small spatial
distances. This makes the mean value of the channel random process indepen-
dent of time and its auto correlation depending only on the time differences. In
multipath propagation environments, the channel impulse response is composed
of a large number of scattered impulses received over L different paths and can






where δ(·) is the Kronecker delta function with αl, fD,l, θl and τl are the am-
plitude, Doppler frequency, phase and the propagation delay of the lth path,
respectively. The Doppler frequency fD,l =
vcfc
c
cos θl depends on the velocity
vc of the receiver, the speed of light c, the carrier frequency fc and the angle of
incidence θl of the lth path.
The correlation function of the channel impulse response is sufficient to char-
acterize the time-variant behavior or the fading rapidity of wireless channels.
Defining the autocorrelation function as [76]
R (τi, τj,∆t) =
1
2
E {h(τi, t)h∗(τj, t+ ∆t)} (2.5)
where ∆t denotes the observation time difference. Under the presumption of
WSSUS, random processes h(τi, t) and h(τj, t) are uncorrelated for τi 6= τj (scat-
tering at two different paths is uncorrelated in most radio transmissions), the
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autocorrelation function of (2.5) simplifies to
R (τi, τj,∆t) = φ(τi,∆t)δ(τi − τj) (2.6)
where φ(τ,∆t) represents the delay cross-power spectral density [8], and the wire-
less channel characterized by (2.6) is referred to as WSSUS channel. The Fourier
transform of φ(τ,∆t) in ∆t yields the scattering function which provides a mea-
sure of average power output of the channel as function of delay τ and the Dopp-





By integrating (2.7) over the Doppler frequency fD, the power delay density
spectrum is obtained which is identical to the delay cross-power spectral density
R(τi) at ∆t = 0. This power power delay density spectrum gives the average
power of the channel output as a function of delay τ and can be viewed as a
scattering function averaged over all Doppler shifts. By further assuming that L
paths have the normalized autocorrelation function, but different average powers




E {h(τl, t)h∗(τl, t)} (2.8)
where Pl, l = 0, 1, ..., L−1 represents the power delay profile (PDP) of the channel
which is characterized by excess delay, mean delay and most importantly root
mean square (RMS) delay spread. The delay of any path relative to first arriving
path is called excess delay, while total excess delay is also called the maximum
delay spread τmax, represents the difference between the delay of the first and the
last path. If the duration of the transmitted symbol is significantly larger than
τmax, the channel produces the minimum of ISI. This effect is efficiently exploited
in OFDM where the duration per transmitted symbol increases with the number
of subcarriers and hence, the amount of ISI is reduced. The most common and
simplest approach to quantify the time spreading of multipath channel is by using
the PDP characteristic parameters in time domain, in particular the mean delay
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and RMS delay spread. The PDP is described in the delay dimension to yield
L individual paths or taps of power P0, ..., PL−1. Mean delay which is the delay







where the total power in the channel is PT =
∑L−1
l=0 Pl.
RMS delay spread is the second moment or spread of the paths. It takes into
account the relative powers of the paths as well as their delays, thereby making






Plτ 2l − τ 2m (2.10)
The coherence bandwidth Bc of a wireless channel measures the frequency range
over which the fading process is correlated; i.e. the bandwidth over which the
correlation function of two samples of the channel response taken at the same time
but at different frequencies falls below a suitable value. It is inversely proportional
to the delay spread τrms and defined as the bandwidth over which frequency
correlation function is above 1
2
and can be approximated by Bc ≈ 15τrms . More




Frequency selectivity, which is an important characteristics of wireless chan-
nel is determined by the coherence bandwidth. If all the spectral components of
the transmitted signal are affected in a similar manner, the fading is said to be
frequency non-selective or equivalently, frequency flat. This is the case for nar-
rowband systems in which the transmitted signal bandwidth B is much smaller
than the channel’s coherence bandwidth Bc. On the other hand, if the spectral
components of the transmitted signal are affected by different amplitude gains
and phase shifts, the fading is said to be frequency selective. This applies to
broadband systems in which the transmitted signal bandwidth B is larger than
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the coherence bandwidth Bc. The coherence bandwidth also helps in evaluat-
ing the performance of spreading and frequency interleaving techniques that are
used to exploit the inherent frequency diversity Gfq of the wireless channel. In
the case of OFDM based system, frequency diversity is exploited if the separa-
tion of the subcarriers transmitting the same information exceeds the coherence
bandwidth. The maximum achievable frequency diversity is approximated by the
ratio between the signal bandwidth and coherence bandwidth as Gfq ≈ BBc and
consequently, depends on the delay spread τrms of the channel [21].
The maximum Doppler frequency fDmax quantifies the frequency-dispersive
properties of multipath channel. For OFDM, if the sub-channel spacing is signif-
icantly larger than the maximum Doppler frequency fDmax , the channel produces
a negligible amount of ICI. An equally important wireless channels’ parameter
is the channel coherence time Tc . This is the duration over which the channel
characteristics can be considered as time invariant. Tc is inversely proportional to
the fDmax and can be defined as the time over which the time correlation function
is above 1
2




The channel is said to be time selective, if the duration of the transmitted symbol
is larger than the coherence time Tc. Conversely, if it is smaller than Tc, the
channel is time-selective or flat. Time selective and non-selective channels are
also referred as fast and slow (quasi-static) fading channels, respectively. The
coherence time of the channel is important for evaluating the performance of
FEC, channel coding and interleaving techniques that try to exploit the inherent
time diversity Gt of the mobile radio channel. Normally, block fading models are
used for such analysis. Unlike quasi-static fading, block fading channels assume
that a frame may span multiple independent fading blocks where in each block the
fading remains invariant. Time diversity is exploited when the separation between
successive time slots carrying the same information exceeds the coherence time
Tc and is approximated by the ratio between the frame duration which consists
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which consequently depends on the maximum Doppler frequency fDmax of the
channel.
2.4 Modeling of Multipath Channels
Statistical characterization of wireless fading channels has remain a very impor-
tant research area and considerable efforts have been devoted for the accurate
modeling of such propagation environments. The results of these intense efforts
provide a range of relatively simple and accurate statistical models for wireless
channels which depends on the particular propagation environment and the un-
derlying communication scenario. In this section, a review of Rayleigh, Rician
and Nakagami-m fading models is presented. First, these models are explained
for frequency flat fading channels and then extended for broadband frequency
selective scenario. Finally, considering the OFDM-based system, the frequency
domain modeling of subject channels is also presented.
2.4.1 Frequency Flat Fading Channels
The signal transmitted through the wireless channel is subjected to envelope and
phase distortions. Among these two distortions, the latter results in severe per-
formance degradation of coherent modulated system, unless measures are taken
to compensate for them at the receiver. Conversely, non-coherent modulation
does not require phase information at the receiver and the performance remains
independent of phase variations for such systems. Most often, the system analysis
are conducted with ideal coherence modulation which assumes perfect corrected
phase variations and only the fading envelope statistics are taken into account at
the receiver. The same assumption has been invoke in this thesis.
In frequency narrowband environments, the received signal is subjected to two
random processes. First, it is modulated by the fading path amplitude and then
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further corrupted by additive white Gaussian noise (AWGN). The path amplitude
α, defined in (2.5) is a random variable (RV) with mean square and probability
density function (PDF) denoted by Ω = E {α2} and pα(α), respectively. AWGN
is typically assumed to be statistically independent of α and characterized by one-
sided power spectral density N0 (Watts/Hz). The instantaneous and average SNR
can be defined as γ = α2 Es
N0
and γ¯ = ΩEs
N0
, respectively, where Es is the energy per
symbol. Following [81], the PDF of γ can be calculated by introducing a change















Next,the PDFs and MGFs of Rayleigh, Rician and Nakagami-m channel
model are revisited.
Rayleigh Model
Rayleigh distribution is frequently used to model multipath fading in NLoS en-










, α ≥ 0 (2.16)
Using (2.14), the instantaneous SNR γ of a Rayleigh channel is exponentially









, γ ≥ 0 (2.17)
and the respective MGF is given by [81]
Mγ(µ) = (1− µγ¯)−1 (2.18)
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Rician Model
Rician model is also known as Nakagami-n. It is usually employed to character-
ize a propagation environment where there exists a strong LoS path with many
random indirect weaker components. In this case, the channel fading amplitudes



















, α ≥ 0 (2.19)
where I0 is the zeroth-order modified Bessel function of the first kind and n is
the Nakagami-n fading parameter ranging from 0 to ∞, which is also related to
the Rician K factor by K = n2. The parameter K represents the ratio of the
power received in the LoS path to the total power received vis indirect scattered
paths. Using (2.14), the instantaneous SNR γ of a Rician channel is non-central


















, γ ≥ 0 (2.20)
with the corresponding MGF expressed as
Mγ(µ) = 1 + n
2
(1 + n2)− µγ¯ exp
[
n2µγ¯






, n ≥ 2 (2.22)
Nakagami-m Model
This fading model introduced by Nakagami in [64] has received considerable atten-
tion due to its great versatility in terms of flexibility and accuracy in providing a
better match to various empirically obtained measurement data than Rayleigh or
Rician distributions. It is often gives the best fit to land, indoor-mobile multipath
propagation as well as scintillating ionospheric radio links [81]. The Nakagami-m
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, α ≥ 0 (2.23)
where Γ(·) is the Euler Gamma function and m is the Nakagami-m fading parame-
ter ranging from 0 to∞. Using (2.14), the instantaneous SNR γ of a Nakagami-m













, γ ≥ 0 (2.24)

















In Figure 2.1, the Nakagami-m PDF is plotted for various values of m pa-
rameter with Ω = 1. This distribution, with the flexibility of m parameter, span
the widest range of fading figure from 0 to 2. As special cases, it includes the
one-sided Gaussian and Rayleigh distribution for m = 1
2
and m = 1 respectively.
For the limit as m → +∞, the Nakagami-m fading channel converges to a non-
fading AWGN channel. Furthermore, when m > 1, equating (2.22) and (2.26),
the Nakagami-m distribution gives a one-to-one mapping between the m param-
eter and the n parameter (equivalently, the Rician K factor), making it possible
to closely approximate the Rician distribution. The mapping can be expressed
as
m ≈ (1 + n
2)2
1 + 2n2
, n ≥ 0, n ≈
√ √
m2 −m
m−√m2 −m, m ≥ 1 (2.27)
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Figure 2.1: Nakagami-m PDF with various values of fading parameter m
2.4.2 Frequency Selective Fading Channel
In broadband environment, the spectrum of the signals is affected by the chan-
nel transfer function as they propagate through the frequency selective channel.
Selective fading can be modeled by the complex valued low-pass equivalent im-
pulse response of (2.4). Assuming the slow fading channel in which L multipaths
remain constant over a period of time, thus making the path amplitude αl, phase
θl and delays τl for l = 0, ..., L − 1 constant over a symbol interval. Thanks
to WSSUS and considering the fact that in realistic environment, the different
paths of a given impulse response are originated by different scatterers exhibit-
ing negligible correlations and making it reasonable to model {αl}L−1l=0 paths as
statistically independent RVs. Therefore it is straightforward to extend the flat
fading notations of section 2.4.1 by assuming the the lth resolvable path ampli-
tude αl is an RV with mean square value Ωl = E {α2l }, PDF pαl(αl) and can be
from the Rayleigh or Nakagami-m PDF. Extending the flat fading analysis, the
instantaneous and average SNR per symbol of the lth multipath in the frequency










The channel PDP is typically a decreasing function of delay and directly
related to {Ωl}L−1l=0 . It can assume various forms depending on propagation con-
ditions and whether the model is for indoor or outdoor environments. Generally,
it can be represented by Ωl = Ω0e
lδ, where δ ≥ 0 is the rate of average power
decay and Ω0 is the average power of the first multipath (tap).
2.4.3 Frequency-domain Channel Modeling
For the performance analysis of OFDM-based systems, it is necessary to derive
the statistics of the multipath channel in the frequency domain. The frequency
domain modeling of Nakagami-m has been presented in [43]. In [43], it is shown
that the channel frequency response can be well approximated by Nakagami-m
random variable with frequency domain fading parameter mf and mean power
Ωf , which in general are different from their time domain counterparts m and Ω
respectively. Although for the special case of Rayleigh (m = 1), both time and
frequency domain fading remains the same.
Considering the time-domain channel impulse response of (2.4), each path
amplitude αl can be represented by a Nakagami-m RV and the PDF can be















, α ≥ 0 (2.28)
In an OFDM-based system, the N -point discrete Fourier transform (DFT) of








which confirms that the channel frequency responses at each subcarrier are the
DFT of the same impulse responses and hence correlated in frequency. Now,
based on the original derivation of [64], it can be shown that β(k) = |H(k)| also
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, β ≥ 0 (2.30)























Assuming equal fading parameters for all paths (ml = m) and exponential PDP,





















From the above, it can be summarized:


















• when m < 1, then m ≤ mf < 1 and m > 1, then 1 ≤ mf < m
• finally, for Rayleigh fading case m = mf = 1, i.e. Rayleigh fading in time
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Figure 2.2: Wireless relay network with multihop, multi-branch transmission
2.5 Performance Analysis of Wireless Relay Net-
works
The performance analysis of multihop wireless communication systems operat-
ing in fading channels has been an important field of research in the past few
years. Thus, performance analysis of cooperative networks has yielded many in-
teresting results including average SNR, information theoretic metrics like outage
probability, and average SER expressions over fading channels.
The analytical expressions for the performance of wireless relay network can
also give us insight into the optimal allocation of the resources like power and
bandwidth. For AF relay networks, in which the performance metrics at the
destination usually depend on channel characteristics of all hops, the performance
analysis becomes more challenging, comparing to the collocated MIMO or DF
relay systems. Hence, a large portion of this thesis is dedicated to the performance
analysis of AF based relay networks.
Also in this thesis, for sufficiently large SNR, the closed-form expressions for
the average SER and outage probability are derived under different topologies,
cooperation methods, and CSI assumptions. The simplicity of the asymptotic
results provides valuable insights into the performance of cooperative networks
and suggests means of optimizing them. In addition, the diversity order of the
wireless systems can be found via the asymptotic behavior of the average SER or
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outage probability. A tractable definition of the diversity or diversity gain is [37]





where instead of the average SER Pe, the outage probability Pout can be also
used.
The average SER formula allows us to clearly illustrate the advantage that
the distributed diversity system has in overcoming the severe penalty in SNR
caused by Rayleigh fading. In [5], DSTC based on the Alamouti scheme and
AF cooperation protocol was analyzed and an expression for the average SER
was derived. Authors in [3] presented an exact average symbol error rate analy-
sis for the repetition- based cooperation, in which relays transmit in orthogonal
channels via time division multiple access (TDMA) or frequency division multiple
access (FDMA). Using simple bounds on the probability of error, [3] shows that
the cooperative network amplifying relays achieves full diversity order. Hasna
and Alouini in [27] have presented a useful and semi-analytical framework for the
evaluation of the end-to-end outage probability of multihop wireless systems with
AF CSI-assisted relays over Nakagami-m fading channels. Moreover, the same
authors have studied the dual-hop systems with DF and AF (CSI-assisted or fixed
gain) relays over Rayleigh [28] and Nakagami-m [29] fading channels. Recently,
Boyer et al. [13], have proposed and characterized four channel models for mul-
tihop wireless communication and also have introduced the concept of multihop
diversity. Finally, Karagiannidis et al. [45] have studied the performance bounds
for multihop wireless communications with blind (fixed gain) relays over Rice,
Hoyt, and Nakagami-m fading channels, using the moments-based approach [44].
In [46], efficient performance bounds are presented for the end-to-end SNR of
multihop wireless communication systems with CSI-assisted or fixed gain relays
operating in non-identical Nakagami-m fading channels. Using expressions for
MGF and PDF, closed-form lower bounds are presented in [46] for important
end-to-end system performance metrics, such as outage probability and average
SER for BPSK, while simple asymptotic expressions are also given for the bounds
at high SNRs.
For sufficiently high SNR, [74] derives general average SER expressions, for
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AF links with multiple cooperating branches, composed of multiple cooperating
hops, as it is shown in Figure 2.2. In [74] the authors derived asymptotic average
SER for AF cooperative diversity networks. The resulting expressions derived
in [74] using the bounding approach are general for any type of fading distri-
butions provided the PDF of zero instantaneous SNR is not zero, which is not
applicable for the Nakagami-m fading distribution. In [36], the error rate and the
outage probability of cooperative diversity wireless networks with AF relaying
are determined over independent, non-identical, Nakagami-m fading channels.
In [6], a performance analysis of the gain using DF based cooperation among
nodes was considered, assuming that the number of relays that are available for
cooperation is a Poisson random variable. The authors compared the performance
of different DSTBC designed for the MIMO channels under this assumption. In
[84], authors considered a DF cooperation protocol, and derived closed-form SER
for the DF cooperation systems with M -PSK and M -QAM signals. Since the
closed-form SER formulation is complicated, [84] established two SER upper
bounds to show the asymptotic performance of the cooperation system, in which
one of them is tight at high SNR. Based on the SER performance analysis, the
optimum power allocation for the cooperation systems is determined.
2.6 OFDM Data Structure & Detection
Parallel data transmission commonly known as multicarrier (MC) communication
provides an effective approach to prevent ISI. The principle of MC modulation
as shown in Figure 2.3 is to convert a high rate data stream into N low-rate sub-
streams, where N is the number of subcarriers used for data transmission. Each
substream is modulated on its assigned subcarrier fk, k = 1, ..., N − 1, which di-
vide the available channel bandwidth into N successive narrow subcarriers that
appear frequency flat. The data symbol rate per subcarrier is reduced to a fac-
tor proportional to the number of assigned subcarriers and with that the effect
of delay spreads and consequently ISI, significantly decreases, thereby reducing
the complexity of equalizers. FDM is the the most common realization of MC
communication where the subchannels are completely separated in frequency do-
main and ICI is controlled by ensuring the subchannel spacing greater than the
52
Nyquist bandwidth [21]. However, this complete frequency separation leads to
inefficient use of available spectrum. OFDM provides an effective and profitable
bandwidth utilization solution by allowing the spectrum to overlap between ad-
jacent subchannels. It employs rectangular pulse shaping with the subcarrier
spacing equal to the reciprocal of the symbol duration per subcarrier, thereby
maintaining the orthogonality between them. In wireless environments, one of
the main design goals for an OFDM system is that the channel can be considered
as time-invariant during one OFDM symbol and the fading per subcarrier can
be considered as flat. This condition can only be fulfilled if the OFDM symbol
duration is smaller than the coherence time of the channel and the subcarrier
spacing smaller then the coherence bandwidth. If these conditions are fulfilled,








Figure 2.3: Principle of multicarrier modulation
An OFDM modulator takes N serial source symbols to produce a sequence
S(k), k = 0, ..., N . The source symbols may be obtained after source and channel
coding, time-interleaving and appropriate symbol mapping. These source symbols
of rate 1/T are then placed on N parallel substreams, where T is the individual
symbol duration. By doing so, the rate per substream reduces to 1/TS = 1/NT ,
where TS = NT is the OFDM symbol duration with the respective OFDM symbol
rate given by 1/TS . Throughout the thesis, frequency domain variables such as
the source symbols S(k), k = 0, ..., N−1 are written with capital letters. Also, for
brevity but without loss of generality, the transmission of a single but arbitrary
sequence S(k) is considered in this section, so that no additional time index

































Figure 2.4: OFDM system model
ICI can be avoided with OFDM. These parallel substreams are then modulated
on N subcarriers with spacing of fs = 1/TS, which provides spectral overlap as
well as orthogonality between signals.
The complex envelope of an OFDM symbol with rectangular pulse shaping





















, k = 0, 1, ..., N − 1 (2.37)
with the center of the frequency spectrum is located at N−1
2TS
. The energy density
spectrum |X(f)|2 of an OFDM symbol is the sum of the energy density spectra
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∣∣∣∣S(k)TS sin (pi (f − fk)TS)pi (f − fk)TS
∣∣∣∣2 (2.38)
One of the major breakthroughs that made OFDM highly attractive in the
present era is its implementation in discrete domain by using the inverse discrete
Fourier transform (IDFT) or more computationally efficient, inverse fast Fourier
transform (IFFT) [95]. The block diagram of an OFDM modulator employing
IDFT/IFFT and the respective demodulator equipped with DFT/FFT is shown
in Figure 2.4. If the complex envelope s(t) of (2.36) is sampled at time t = nTS
N







S(k)ej2pikn/N , n = 0, ..., N − 1 (2.39)
which shows that the sampled sequence s(n), n = 0, ..., N − 1 is the IDFT/IFFT
of the source symbol sequence S(k), k = 0, ..., N−1. As the number of subcarrier
increases, the OFDM symbol duration TS becomes large compared to the maxi-
mum delay spread τmax of the channel and with that, the amount of ISI reduces.
The complete elimination of ISI and perfect orthogonality (zero ICI) between all
signals in the N subcarriers is achieved by introducing a guard interval of dura-
tion Tg ≥ τmax between the adjacent OFDM symbols [69]. The guard interval
is actually a cyclic prefix (CP) added to each OFDM symbol and obtained by
extending the duration of an OFDM symbol to T ′S = Tg+TS. The discrete length





samples to prevent ISI.






S(k)ej2pikn/N , n = −Lg,−Lg + 1, ..., N − 1 (2.40)
and passed through a digital-to-analog (DA) converter whose output ideally
should be the signal waveform s(n) given in (2.39) with the extended OFDM
symbol duration T ′S. The waveform passes through the wideband channel and
then further perturbed by the noise at the receiver. Invoking central limit theo-
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rem, this noise which contains the inherent disturbance of transmission system is
modeled as AWGN [69]. The received signal is then down-converted with analog-
to-digital (AD) converter and after the removal of the first Lcp samples that is
corrupted by ISI, of each OFDM symbol, the rest of received signals are fed to
the OFDM demodulator for DFT/IFFT operation. With complete elimination
of ICI and ISI, the received FFT operated signal Y (k), k = 0, ..., N − 1, can be
considered separately for each subcarrier and can be represented as [21]
Y (k) = H(k)S(k) + Z(k), k = 0, ..., N − 1 (2.41)
where H(k) is the frequency response on the kth subcarrier as in (2.29) and Z(k)
represents AWGN with real and imaginary components assumed to be statistically
independent Gaussian distributed RVs having zero mean and equal variance of
σ2Z(k) = E {|Z(k)|2]} for k = 0, ..., N − 1. In Figure 2.5, using the expression
of (2.41), the OFDM system is shown by an equivalent simplified model as a
discrete time-frequency transmission system with a set of N parallel channels
with different complex-valued attenuation factors. Based on this simplified model,
(2.41) can be represented in the matrix-vector notation as
y = Hs + z (2.42)
when the transmitted signal s, received signal y and AWGN column vectors
z are given by s = [S(0), ..., S(N − 1)]T , y = [Y (0), ..., Y (N − 1)]T and z =
[Z(0), ..., Z(N − 1)]T , respectively. Also, the interference free N × N diagonal
channel matrix H is given by
H =

H(0) 0 . . . 0





0 0 . . . H(N − 1)
 (2.43)
From (2.42), it can be seen that the equalization required in frequency selec-
tive channels can simply be achieved by one complex-valued multiplication per
subcarrier, which becomes the major motivation for using OFDM in broadband
56
H (0) Z (0)
S (0) Y (0)
H (1) Z (1)
S (1) Y (1)
H (N−1) Z (N−1)





S (k ) Y (k )
Figure 2.5: Simplified OFDM system model
environments where the realization of bandwidth efficient systems supporting
simple receiver structures become possible. However, like any other transmis-
sion method, the advantages obtained from employing OFDM are also associated
with some drawbacks. Although not in the scope of this thesis, some of the major
implementation issues are briefly highlighted below:
• Peak-to-Average Power Ratio (PAPR): For wireless applications, ef-
ficient power amplification is essential for adequate area coverage and en-
hanced battery life. Since the OFDM symbols are composed of indepen-
dently modulated sine waves giving the envelope a Gaussian distribution.
This results in high PAPR and puts high demands on linear amplifiers.
For the OFDM signal with N subcarriers, PAPR of the transmitted sig-
nal has shown to be N [21]. Hence for N = 256 only, PAPR becomes as
high as 24 dB and when passed through a non-linear power amplifier, the
signal may suffer significant spectral spreading and in-band distortion. To
tackle PAPR conventional approaches such as using linear amplifiers re-
sult in significant power efficiency penalties. PAPR reduction techniques
has remained an active and important area of research. Schemes ranging
from pre-distortion of transmitted signal with complimentary non-linearity
to simple and some very systematics data encoding strategies on OFDM
subcarriers were proposed. Also,in the context of combined spread spec-
trum and OFDM systems, new set of spreading codes have been proposed
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to reduce PAPR. An extensive review and possible measure for reducing
PAPR can be found in [21, 24].
• Time and frequency synchronization: One of the main problems of
OFDM is its sensitivity to synchronization errors. Orthogonality among
subcarriers may easily be lost in the receiver due to the Doppler effect
causing a frequency mismatch between transmitter and receiver local os-
cillators, therefore resulting in a large bit error rate (BER) degradation.
Timing offset can also cause the symbol phase to be rotated which leads
to decision errors, however its effect is less severe then that due to the fre-
quency offset. The investigation of synchronization errors is not part of this
thesis and the related work can be found in the reference within [24].
2.7 MC-CDMA Signal Structure & Detection
The success of OFDM in broadcast applications motivated many researchers
around the world to investigate the suitablity of MC and in particular, OFDM for
broadband mobile communications networks and several novel MC-based spread
spectrum techniques were proposed [100]. In general, spread spectrum signals are
characterized by the multiple repetition of each data symbol which is achieved by
mulitplication with a high rate spreading code in either time, frequency or both
domains. The time domain spreading typically employs adjacent time slots to
transmit the data modulated chips of a spreading code. In contrast, frequency
domain spread spectrum system provide greater design flexibility by transmitting
the data modulated chips of the spreading sequence on not necessarily neighbour-
ing subcarriers.
Apart from the single carrier direct sequence CDMA (SC DS-CDMA) system
which employs time-domain DS spreading, the two main MC-based techniques are
MC-CDMA [100] and MC DS-CDMA [18]. The former spread the data only in the
frequency domain, while the latter incorporates both time and frequency-domain
spreading. Multi-tone CDMA (MT-CDMA), which is a variant of MC DS-CDMA,
was also presented in [93]. A detailed overview and comparison of these techniques
can be found in the excellent contributions by Hara and Prasad [25] and Yang
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and Hanzo [99]. Both MC-CDMA and MC DS-CDMA mitigates the degradation
due to severe multipaths with the help of OFDM. Typically, in an MC-CDMA
system, flat fading is maintained on each subcarrier which ensures no ISI as well
as any impairment of the subcarrier auto-correlation. Hence the number of users
supported by the system remains independent of the correlation characteristics
of the spreading codes. Conversely, in MC-DS-CDMA, the DS spread subcarriers
are subjected to frequency selective fading which makes the total number of users
supported by the system not only dependent on the time and frequency domain
spreading but also on the auto- and cross-correlation of the codes [99]. Moreover,
the frequency selective fading per subcarrier requires multi-finger Rake receivers
for MC DS-CDMA system, thereby increasing the complexity and making it less
attractive than MC-CDMA. In short, the simple but flexible structure of MC-
CDMA system uses spread and coded signals over parallel subcarriers, thereby
guaranteeing symbol detection and making full advantage of frequency diversity.
All these characteristics makes MC-CDMA one of the most promising multi-access
schemes for future cellular networks.
The principle of MC-CDMA for a single user is shown in Figure 2.6, rep-
resenting the serial concatenation of DS spreading and MC modulation. The
high speed data stream is first spread and then OFDM modulated in such a way
that the chips of the spread data symbols are transmitted in parallel on different
subcarriers. If the number of subcarriers is equal to the spreading code length
which in the case in Figure 2.6, MC-CDMA requires the total bandwidth for the
transmission of a single data symbol. Each data symbol is copied N substreams
before multiplication with one chip of the spreading code per substream. This
frequency domain spreading offers additional flexibility by making signal recon-
struction simple and less complex at the receiver. The block diagram of a syn-
chronous downlink MC-CDMA system model is shown in Figure 2.7. The same
model holds for the uth user in the uplink scenario due to the absence of other
users’ signals. The number of users supported by the system is U, u = 1, ..., U
and restricted by U ≤ G, where G is the spreading factor (SF). The equiprobable
source data stream of the uth user is modulated and mapped as symbol selected
from the M -ary phase shift keying (M -PSK) or M -ary quadrature amplitude





































































Figure 2.7: MC-CDMA system model(downlink)
60
after source and channel coding, time-interleaving etc. The processing gain of a
MC-CDMA system is defined as G = N/P , where P represents the number of
symbols that a user may transmit during a signaling interval. The modulated
symbols are converted into P = N/G parallel streams, or in other words each
symbol is copied according to the spreading factor times and multiplied with
the spreading code (Walsh-Hadamard) of the uth user which makes the chip G
times higher than the data symbol rate. In the downlink case, the other users are
spread by their specific sequences and the resulting spread chips of all U users are
added synchronously and modulated by an N point IFFT. Finally, to mitigate
the hostile effects of multipath fading, CP is added between each MC-CDMA
symbol and the signal is transmitted after up-conversion. Ignoring the CP, the














where Ec is the energy per OFDM symbol, and Ec = ES/N where ES is the
energy per symbol before spreading. T is the signaling interval during which P
symbols per user are generated. bup and c
u
g are the pth symbol and gth chip of
the uth user, respectively. For analytical convenience and simplicity, if P = 1 is
considered, i.e. only a single data symbol bu for each user u, then this assumption
makes G = N . Based on this assumption, the simplified MC-CDMA system
block diagram is shown in Figure 2.8, where FHN and FN are the IFFT and FFT


























Figure 2.8: Simplified MC-CDMA system model (downlink)
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FFT processing, the received signal is subjected to despreading and detection.
Ignoring the assumption of P = 1 for the time being, the fact that the pth
symbol of user u is detected independently from the p′ symbols, where p 6= p′
for all users. Thus, without loss of generality, the subscript p can be omitted
altogether for (2.44) and G = N subcarriers conveying the same symbol can be
considered for detection. This validates the assumption of (2.43) and the received






bucu(k)Hu(k) + Z(k) (2.45)
where Z(k) is the discrete AWGN term and the user index u in the channel trans-
fer function Hu(k) as in (2.29) differentiates between the uplink and downlink
scenarios as in the uplink case, the received signal is the sum of the signals of
different users passing through different channels, depending on the location of
the users. By assuming G = N , Ec is the energy per subcarrier or chip. The
decision variable du
′









where q(k) is a frequency domain equalization gain factor which varies with the
employed single and multiuser diversity combining/detection schemes. Using
(2.45) and (2.46), the decision variable du
′
can be divided into desired signal DS,
IMAI and noise term η, expressed as d
u′ = DS + IMAI + η, where the individual




























If N is assumed to be large and random spreading codes and users’ bits, the MAI
can be modeled as additive zero mean Gaussian by invoking the central limit
theorem CLT . Now, since both IMAI and η are independent and Gaussian, the
sum of these is also a zero mean Gaussian process with the variance σ2MAI plus







The gain factor q(k) determines the performance of the MC-CDMA system.
These equalization/combining methods are extensively covered in [21, 24, 26].
Next, a brief review of some of the single user detection schemes is presented
which fall within the scope of this thesis.
• Maximum Ratio Combining (MRC) In general cases, this scheme is
the optimum diversity combining technique with respect to BER [69]. In
MRC, a stronger signal which is always more reliable than its weaker coun-
terparts, is assigned a higher weight and the diversity branches are weighted
by their respective complex conjugate channel coefficients. For MRC, the
equalization gain factor of (2.46) can be expressed as
q(k) = H∗(k) (2.51)
MRC provides the best performance for a single user case, since the absence
of MAI builds the optimal combining scenario. Thus, for U = 1, the BER
with MRC is identical to the matched filter (MF) bound which is the lower
bound of the bit error probability of any data detector [69]. For this reason,
MRC is often used to determine the lower bound on the performance of
multi-access systems.
• Equal Gain Combining (EGC) In contrast to MRC, this combining
scheme attempt to correct the channel induced phase rotations leaving the
faded amplitudes uncorrected [24]. It weights all diversity branches i.e.
the number of subcarriers for a MC-CDMA system. The equalization gain
63




and with that, the enhanced MAI caused by (2.47) can be avoided.
• Orthogonal Restoring Combining (ORC) ORC is also known as zero
forcing (ZF) or channel inversion equalization. It targets to completely
eliminate the MAI by restoring the orthogonality between the spreading





which corresponds to the inverse of assigned channel coefficients [69]. The
associated drawback of ORC is that for small amplitudes of channel coeffi-
cients the noise is pronounced and may ultimately force SNR to go to zero
on some subcarriers [21].
• Minimum Mean Square Error (MMSE) Combining MMSE is the
optional equalization method for a fully loaded MC-CDMA system [25].
Equalization according to MMSE criterion minimizes the mean square value
of error between the transmitted signal and the output of the equalizer. The
mean square error is minimized by using the orthogonality rule which states
that the mean square error can be minimized, if the combiner/equalizer
coefficients are selected in such a way that the error is orthogonal to the
received signal [21]. The equalization coefficient of (2.46) based on MMSE
criterion can be expressed as
q(k) =
H∗(k)
|H(k)|2 + γ−1 (2.54)
where γ is the SNR per subcarrier which shows that for the computation
of MMSE equalization coefficients, an estimate of the actual SNR per sub-




This chapter gives the theory and fundamental knowledge to assess the perfor-
mance of cooperative relay systems presented in this thesis. First, the system
performance characteristics are given. The average SNR shows the performance
of the system when the effect of fading is to be taken into consideration. The
outage probability presents the probability of the output SNR falls under the
threshold SNR. For a system with relay diversity, diversity gain depends on the
successfully received independent copies of the original transmitted signal. It im-
proves the performance of the system such as the error probability and outage
probability.
Transmission over wireless relay channel is affected by noise, interference and
fading. Noise originates from the components in the device used, therefore the
existence is inevitable. Interference is the result of having multiple coherent sig-
nals from adjacent cells, channels or users. This is overcome by using frequency
reuse pattern and duplexing modes. Fading can be divided into two categories,
namely large-scale and small-scale fading. Shadowing and pathloss are the ex-
amples of large scale-fading. The effect of large-scale fading can be counteracted
by power control and a proper planning of link budgeting. The focus of this
section is on small-scale fading, which is also known as multipath fading. It is
caused by reflection, scattering and diffraction of the signal. Multipath fading
can be modeled according to statistical characteristics such as Rayleigh, Rician
and Nakagami-m.
Using the multipath fading channel model, the performance analysis of wire-
less relay network can be derived. This gives guideline to assess the performance
of rekay diversity schemes presented in the thesis. The analysis can give insights
on how to allocate resources optimally.
Finally, the OFDM and MC-CDMA data structure and detections are given.







Space-time block code (STBC) is used to transmit information over a multiple
antenna wireless communication system. Consider a wireless communication sys-
tem with Ntx transmit antennas and Nrx receive antennas, the goal of STBC is
to achieve a maximum diversity of NtxNrx. In addition, a good STBC should
achieve maximum coding gain, have highest possible throughput and simple de-
coding at the receiver. The complexity of the STBC should be kept to minimum
especially the receiver is a mobile device that has limited power supply.
 
Figure 3.1: Transmitter block diagram for Alamouti code
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A simple example of STBC is Alamouti code [2] which is used for a system
with Ntx = 2 and Nrx = 1. To transmit b bits/symbol, modulation scheme that
maps every b bits to one symbol is used from a constellation with 2b symbols.
The constellation can be real or complex such as PAM, PSK, QAM etc. The
transmitter block diagram for Alamouti code is shown in Figure 3.1. First, the
transmitter picks two symbols from the constellation using a block of 2b bits. If
S(1) and S(2) are the selected symbols for a block of 2b bits, the transmitter
sends S(1) from antenna one and S(2) from antenna two simultaneously in the
first time slot. Then in the second time slot, the transmitter transmits −S∗(2)








This code provides orthogonality between the transmitted symbols over multiple
antenna. To check the diversity of the code, the rank of all possible difference
matrices need to be calculated. Consider a different pair of symbol (S ′(1), S ′(2))
and the corresponding codeword
G′Alamouti =
(
S ′(1) S ′(2)
−S ′∗(2) S ′∗(1)
)
(3.2)
and the difference matrix D (GAlamouti,G
′





S ′(1)− S(1) S ′(2)− S(2)
S∗(2)− S ′∗(2) S ′∗(1)− S∗(1)
)
(3.3)
The determinant of the difference matrix detD (GAlamouti,G
′
Alamouti) is zero if
and only if S ′(1) = S(1) and S ′(2) = S(2). Therefore D (GAlamouti,G′Alamouti)
is always full rank when G′Alamouti 6= GAlamouti and the Alamouti code satisfies
the determinant criterion. It provides a diversity of two, therefore Alamouti code
achieves full diversity.
Let the path gains from transmit antenna one and two to the receive antenna
are α1 and α2, respectively. The received signals at the decoder at time slot one
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Figure 3.2: Receiver block diagram for Alamouti code
and two, r1 and r2 respectively, are given by
r1 = α1S(1) + α2S(2) + n1 (3.4)
r2 = −α1S∗(2) + α2S∗(1) + n2 (3.5)







2 − r∗2α1 (3.6)
and then finds the closest symbols to S˜(1) and S˜(2) in the constellation. Figure
3.2 shows the receiver block diagram for Alamouti code.
To design STBC for more than two transmit antenna having similar properties
as Alamouti code, the behavior of the code need to be studied. Let a generator







the orthogonality of the columns of G is proven by
GHG =
(|x1|2 + |x2|2) I2 (3.8)
For real numbers, matrices satisfying (3.8) are called orthogonal designs. A com-
plete study of real orthogonal designs was provided by Radon and Hurwitz early
in the twentieth century [70].
For a set of N ×N real matrix, a real orthogonal design exists if and only if
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The 4× 4 orthogonal design is derived as [37]
G4 =

x1 x2 x3 x4
−x2 x1 −x4 x3
−x3 x4 x1 −x2
−x4 −x3 x2 x1
 (3.10)
Similarly, the 8× 8 orthogonal design is given by [37]
G8 =

x1 x2 x3 x4 x5 x6 x7 x8
−x2 x1 −x4 x3 −x6 x5 x8 −x7
−x3 x4 x1 −x2 x7 x8 −x5 −x6
−x4 −x3 x2 x1 x8 −x7 x6 −x5
−x5 x6 −x7 −x8 x1 −x2 x3 x4
−x6 −x5 −x8 x7 x2 x1 −x4 x3
−x7 −x8 x5 −x6 −x3 x4 x1 x2
−x8 x7 x6 x5 −x4 −x3 −x2 x1

(3.11)
A real STBC can be constructed using the above orthogonal designs. The encoder
first select N symbols S(1), S(2), ..., S(N) from a real constellation, for example
PAM using Nb input bits. To encode such an input block, the indeterminate
variables x1, x2, ..., xN in the orthogonal design are replaced by the N symbols
S(1), S(2), ..., S(N) and the (t, n)th element of the resulting matrix is transmit-
ted at time t from antenna n. Note that N different symbols are transmitted
simultaneously from N transmit antennas at each time slot t, t = 1, 2, ..., N . The
resulting real STBC transmits one symbol per time slot. These codes achieve full
diversity since N symbols are transmitted in t = N time slot.
For complex orthogonal design, full STBC can only be achieved for N = 2 as
given in (3.7). However, using generalized complex orthogonal design, half-rate
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STBC can be obtained for N = 3, 4, as shown below
G4 =

x1 x2 x3 x4
−x2 x1 −x4 x3
−x3 x4 x1 −x2








−x∗2 x∗1 −x∗4 x∗3
−x∗3 x∗4 x∗1 −x∗2



















In a general wireless relay network, different relays receive different noisy
copies of the same information symbols. The relays process these received signals
and forward them to the destination. The distributed processing at the different
relay nodes thus forms a virtual antenna array, as alluded to before. Therefore,
conventional space-time block coding schemes can be applied to relay networks
to achieve the cooperative diversity and coding gain.
In this chapter, DSTBC for OFDM system is presented. First, a general
DSTBC OFDM system model for broadband channel is given. This followed by
the derivation of PEP which provides the information on diversity gain. Next,
a specific orthogonal block-code i.e. Alamouti code is used to derive the aver-
age SER of the system using MGF. Simulations are done to demonstrate the








Figure 3.3: Two-hop wireless relay network
3.2 DSTBC OFDM System Model
Consider a relay network consisting a source node, S, a destination node, D and
relay nodes RNr, r = 1, ..., R as shown in Figure 3.3. All nodes are equipped with
a single antenna. Any linear modulation technique such as M -PSK or M -QAM
can be used. The relaying is half duplex and follows AF protocol where in the
first transmission phase, the source transmits to the destination node and in the
second transmission phase, the relay nodes forward the amplified version of the
received signal to the destination node. To simplify the analysis, it is assumed
that there is no direct transmission from the source to destination node in both
transmission phases.
The channels between communicating terminals are modeled as quasi-static
frequency selective Rayleigh fading with uniform delay profile. The channel im-
pulse response for S → RNr andRNr → D links are given by hSr = [hSr(1), ..., hSr(LSr)]
and hrD = [hrD(1), ..., hrD(LrD)] respectively. The entries of random vector hSr
and hrD are independent and identically distributed (i.i.d) zero-mean Gaussian
random variables with variances ΩSr = 1/(LSr) and ΩrD = 1/(LrD) respectively.
The CIR remain constant over a period of one transmission block and vary inde-
pendently from block to block.
During the first transmission phase, the source transmits OFDM symbol s =
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[s(0), ..., s(N − 1)], where N is the number of subcarrier, to the relays. Since the
FFT operation at relay nodes is canceled by the IFFT operation in the second
time slot, it is reasonable to assume that FFT processing takes place only at the
destination, not at relay nodes to reduce complexity. After removing the cyclic





Ns + zr (3.14)
where PS is the average power per transmitting symbol, HSr is a circulant channel
matrix with entries HSr(p, q) = hSr(p−q)mod N , p, q = 1, ..., N and zr, r = 1, ...R
denotes the zero mean white Gaussian noise vector with covariance matrix NoIN .
FHN is the IFFT matrix which is the Hermitian of N ×N FFT matrix, FN . The
relays amplify the received signal with factor Ar and forward the signal to the






Ns + ArHrDzr + zD (3.15)
whereHrD is a circulant channel matrix with entriesHrD(p, q) = hrD(p−q)mod N , p, q =
1, ..., N . Let DAB(k) =
∑LAB
l=1 hAB(l) exp(−j2pi(l − 1)(k − 1)/N), k = 1, ..., N ,
denote the frequency response evaluated at the FFT grid for the A → B link
with channel length LAB. The equation (3.15) can be rewrite as
yrD =
√
PSArDSrDrDs + z (3.16)
where the noise vector z =
∑R
r=1 ArHrDzr + zD is conditionally zero mean Gaus-




rD + IN . After
pre-whitening at the destination, the input signals to the maximum likelihood













s + z (3.17)
where the noise vector z in (3.17) is zero mean white Gaussian with covariance
matrix N0IN . Next, performance analysis in term of diversity gain of DSTBC is
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revisited.
3.3 Pairwise Error Probability
The pairwise error probability (PEP) based performance provides a design crite-
rion to evaluate different DSTBC schemes. Next, this criterion is revisited.
To extract the maximum available diversity from the frequency selective fad-
ing, a coded OFDM with linear pre-coder [19] is considered. The precoded data





= N , where N is the total number of subcarriers. Subcarriers
are divided into M groups in order to reduce the decoding complexity and and
simplify the pre-coder design. Each group contains L equally spaced subcarriers.




kΦΨk [19], where Ψk = IN(ik,l,:) is
a L × N permutation matrix obtained from the rows of identity matrix of size
P , i.e. {ik,l = (l − 1)M + k, l = 1, ..., L} and Φ is a matrix of size L × L that
performs precoding within one group.
For a given channel realization and transmitted symbol block s, conditional
PEP denotes the probability of deciding in favour of another block s′ and is given
by






where d(s, s′) is the Euclidean distance between s and s′ and Q(x) is the Gaussian-
Q function [16]. Let the coded error vector u = Θ(s− s’), therefore




where ρ = PS/N0 denotes the SNR. Notice DABu = UhAB where DAB is a
diagonal matrix of size N ×N , UAB = diag(u)WAB. WAB denotes a N × (LAB)
matrix with element given by WAB(k, l) = exp−j2pi(k − 1)(l − 1)/N 1 ≤ k ≤
N, 1 ≤ l ≤ LAB.







, the upper bound
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for the average PEP is given by














Following steps in Appendix A,






























and kr = min(LSr, LrD), v = 2
1
L − 1∆2min, ∆min is the minimum Euclidean






. Here, matrix Qr
contains the 1st, (M + 1)th, ..., (M + LSr)
th row in WSr.
It is observed in (3.22) that the PEP is not a simple exponential function of the
SNR. It involves the term (log ρ)−(
∑R
r=1 kr) due to the cascaded nature of channels
in the relaying links. This is in line with the observation of the term (log ρ)R
reported in [39] for frequency flat channel. From (3.22), it is also observed that an
asymptotical diversity order of K =
∑R
r=1 min(LSr, LrD) is available for the coded
OFDM with multiple relay system in frequency selective fading environment.
3.4 Distributed Alamouti System Model
Consider a two-hop OFDM relay network consists of a source node S, a desti-
nation node D and a set of two relay nodes RNr, r = 1, 2 as shown in Figure






























Figure 3.4: Two-hop relay network
transmission and reception. The relay nodes cannot transmit and receive using
the same channel resources because the signal received by a relay would be af-
fected by strong interference from the relays own transmitter (self-interference).
In order to avoid self-interference and to provide the possibility of diversity re-
ception, half-duplex constraint is set at relay nodes where the relays receive and
transmit via different time slot, subchannel or polar. In this thesis, the time di-
vision duplexing (TDD) scheme is considered, where two time slots are allocated
for transmitting and receiving signals at relays. It is assumed that there is no
direct transmission between the source and destination node.
The channel between a transmitting node {p}p=S,r and receiving node {q}q=r,D




αpq,lδ(τ − τpq,l) (3.24)
where τpq,l and αpq,l is the delay and complex amplitude of the lth path re-
spectively. The αpq,l are modeled as zero-mean complex Gaussian random vari-
ables with variance E {|αpq,l|2)} = Ωpq,l.The channels are normalized such that∑Lpq
l=1 αpq,l = 1. A cyclic prefix with length Lcp > Lmax is introduced to convert
multipath frequency selective fading channels to flat fading sub-channels on the
subcarriers.
At source node, data information symbols are obtained after source and chan-
nel coding and/or time-interleaving. The high rate input stream is demultiplexed
and transmitted over N low-rate independent frequency subcarriers. This multi-
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carrier transmission scheme can be efficiently implemented in practice using the
Fast Fourier Transform (FFT). To implement Alamouti coding in OFDM modula-
tion, two blocks of a data sequence of length N , Xj = [Xj(0), ..., Xj(N−1)], j =
1, 2 are parsed into N parallel subcarrier and the modulated symbols from the







Assuming complete elimination of ISI, the FFT modulated received signal at relay
r during the first time slot can be considered separately for each subcarrier given
by
Y jr (k) =
√
PSHSr(k)X
j(k) + Zjr (k) (3.26)
where PS is the symbol energy transmitted from the source node, HSr(k) is the
frequency response of the channel between the source and the rth relay on the
kth subcarrier and Zjr (k) represents the additive white Gaussian noise (AWGN)
with the real and imaginary components assumed to be statistically independent
Gaussian distributed RVs having zero-mean and variance N0/2 per dimension.
The channel frequency response HSr(k) is assumed to be constant during the






where ∆f = 1/T is the subcarrier frequency separation, and T is the OFDM
symbol duration. Perfect channel state information is assumed at any receiving
node but no channel information at transmitting nodes. Another assumption
is that all the noise terms are independent for different receiving node. For




















where Xjr (k) and Ar are the output and amplification factor of the rth relay
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respectively.
The relay nodes will use OFDM modulation for transmission to the destination























where HrD(k) is the attenuation of the channel between the rth relay and the
destination node on the kth subcarrier and ZjD(k) is the noise at destination. The
ZjD(k) is modeled as zero-mean, circularly symmetric complex Gaussian random














































It can be seen that the coefficient matrix of the original symbol vector is complex
orthogonal and the covariance of the last two noise terms is (A2r|HrD(k)|2 + 1)N0.
Therefore the optimal detection of the original symbols can be carried out on



















and the probability of detection error is governed by the SNR of this statistics.










where ρ = PS
N0
is the average SNR of the signal received by each relay. Next, the
average symbol error probability of distributed Alamouti system is derived using
MGF-based approach.
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3.5 Average Symbol Error Probability
In this section, the average symbol error probability is derived for distributed
Alamouti coding in Rayleigh fading channel. As shown in (3.32), it is really hard
to derive the error function as the noise variances depends on different channel
coefficients. Therefore, a tight lower bound is derived by assuming equal noise
power for each relay such that (A21|H1D(k)|2 + 1)N0 = (A22|H2D(k)|2 + 1)N0 [4].
The upper bound for the instantaneous SNR can be written as






For CSI-assisted relaying, the amplification factor is chosen to beA2r =
PR
PS |HSr(k)|2+N0






γSr + γrD + 1
(3.34)

















The MGF-based approach [81] is used to get the error performance. The MGF

























γ¯2δr − 4γ¯pr, γ¯δr = γ¯sr − γ¯prµ, γ¯Sr = γ¯Sr + γ¯rD and γ¯pr = γ¯Srγ¯rD for
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r = 1, 2. The proof of (3.37) is given in Appendix B.
Therefore, the closed-form lower bound ASER of the AF DSTBC OFDM

























where gMPSK = sin
2(pi/M).
3.6 Simulation Results






















MRC full diversity =2
MRC full diversity=6
Uncoded scenario 1−4
Figure 3.5: BER performance of DSTBC OFDM with two relay nodes
Monte Carlo simulation results are presented to demonstrate the error rate
performance of the precoded cooperative OFDM system under consideration.
The modulation scheme is chosen to be BPSK. In order to perform the grouping
technique [52], the number of subcarrier is chosen to be N = 64, depending on
the value of L = max (LSr, LrD). The performance of DSTBC system with two
and three relay nodes are investigated under various scenarios as below:
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MRC full diversity =3
MRC full diversity=9
Uncoded Scenario 1−4
Figure 3.6: BER performance of DSTBC OFDM with three relay nodes
• Scenario 1: LSr = 1, LrD = 1
• Scenario 2: LSr = 1, LrD = 3
• Scenario 3: LSr = 3, LrD = 1
• Scenario 4: LSr = 3, LrD = 3
As clearly seen from Figure 3.5 and Figure 3.6, the system without channel
coding the system failed to give a reasonable performance nor providing opti-
mum spatial diversity gain. Using channel coding, DSTBC OFDM system is
able to extract underlying rich multipath diversity. For two relay systems, it
is observed that an identical diversity order is achieved for scenario 1, 2 and 3.
As predicted by the diversity gain analysis, the maximum diversity gain is given
by
∑NR
r=1 min(LSr, LrD), which in this case equivalent to 2. The diversity gain
increase for scenario 4, where the channel length for both source-to-relay and
relay-to-destination are equal to 3. The maximum diversity order available for
this scenario is 6. However, the cascaded nature of Rayleigh channels in relaying
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links allows only partial diversity to be observed in the practical SNR range under
consideration. This can be observed better through a comparison with the per-
formance of maximum ratio combining (MRC) with 2 and 6 co-located antennas,
which is also plotted in Figure 3.5. For the three-relay systems, the maximum
diversity order as calculated for scenario 1-3 and 4 are 3 and 9 respectively. The
performance of 3 and 9 co-located antennas are also included in Figure 3.6 for
comparison purposes. In term of the error performance, the relay system ex-
perience a performance degradation compared to the point-to-point system. In
a specific relay node configuration, the system with more selective channel has
better performance than the ones with less selective.
The performance of DSTBC is compared to the conventional STBC with
different number of antennas and relay nodes. For NR = NT = 2, Alamouti code
has been used and half-rate orthogonal code is employed for NT = NR = 3, 4. It
can be seen that in Figure 3.7 and 3.8, the DSTBC performance is worse than the
conventional STBC. This is expected as the result of cascaded relay channel. As
the number of relay node increases the performance becomes better. However,
DSTBC with NR = 2, 3 experience rate loss due to the orthogonal coding. This
can be overcome by using higher order of constellation symbols for modulation.
3.7 Summary
This chapter presents DSTBC for OFDM system with AF relaying over Rayleigh
fading channel. First, the construction of orthogonal design for STBC is given.
For real orthogonal design, full-rate and full-diversity STBC can be achieved for
two, three and four transmit antenna. However, for complex orthogonal design,
full-rate and full-diversity STBC is only available for two transmit antenna sys-
tem, while the three and four transmit antenna can only achieve full-diversity
with half data rate.
A generalized DSTBC system model for any number of relay nodes is given.
In this system, STBC is constructed distributively at relay nodes based on the
received signal and retransmitted the scaled version to the destination. The PEP
for the system is derived to evaluate the diversity gain.
Then, the focus is on the system with orthogonal STBC. For example, or-
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Figure 3.7: BER performance of DSTBC OFDM with R = 2, 3, 4 with channel
fading tap LSr = LrD = 1
thogonal STBC for two relay nodes i.e. Alamouti code is used for the system
model. The instantaneous SNR of the system is derived and the derivation can
be extended easily to systems with other full-diversity orthogonal STBC. Using
the MGF-based approach, the lower bound for average SER is derived.
Finally, simulations results are presented to demonstrate the error perfor-
mance of the DSTBC system. DSTBC gives better error performance compared
to STBC in transmit diversity system. The diversity gain can be extracted by
using coded OFDM. It is also proved that with the increase of diversity order
(number of relay nodes), the error performance becomes better.
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Figure 3.8: BER performance of DSTBC OFDM with R = 2, 3, 4 with channel
fading tap LSr = LrD = 3
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Chapter 4
Relay Cyclic Delay Diversity
4.1 Introduction
CDD is first proposed for MIMO system is originally from DD, which was pro-
posed by Wittneben in [97]. DD processes the FEC or channel coded information
bearing symbols from multiple antenna simultaneously, but with a successive de-
lay of one symbol interval. The effect of this technique is to change a narrow band
purely frequency flat fading channel into a frequency selective fading channel. Es-
sentially, with DD, the receiver sees an equivalent SISO channel with an enhanced
channel delay spread and can be considered as a specific case of STC. Simula-
tion results further demonstrated that a sequence estimator at the receiver can
be achieved at order diversity of the number of transmit antenna [87]. However
the associated drawback of DD is reduced by bandwidth efficiency as the time
delay are strongly restricted by guard period. This prohibits the straightforward
implementation of DD for OFDM-based system because of ISI and specific time
delay values.
CDD provides an elegant solution to realize DD for OFDM without exceeding
the guard interval [17]. This is achieved by introducing cyclic delay within each
OFDM symbol, instead of time delays, thereby keeping the length of OFDM
symbol as well as the CP the same. The difference between DD and CDD is
illustrated in Figure 4.1, where two consecutive OFDM symbols are shown along
with their CP as guard intervals. To avoid the ISI, the length of CP is chosen
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to be greater than the expected delay spread τmax of the channel. For clarity, a
sine wave represents the signal on the first subcarrier and this reference signal is
transmitted without any delay. In the case of DD, although the signal is a simple
copy of the reference signal but delayed by δd. Due to this delay, the OFDM
symbols of DD signal partly overlap the CP of the reference signal at about δd
and results in ISI. To avoid ISI, either the CP has to be increased or delay δd to be
reduced. In both cases, spectral efficiency or the performance has to be sacrificed.
Conversely, CDD ensures no overlapping of the cyclically delayed OFDM symbols
with the reference signal. From Figure 4.1, it can be observed that the phase of
CDD signal is equal to DD signal. This makes the performance of CDD equal to
DD provided there is no ISI in case of DD. The OFDM symbols of CDD signal
can easily be generated from the reference signal by applying a cyclic shift δcyc







Figure 4.1: Principle of DD and CDD
In this chapter, the system model of RCDD is presented. The transformation
of spatial diversity into frequency diversity is shown by using the equivalent fre-
quency domain model i.e. phase diversity. The relationship between the channel
delay spread and cyclic delay values for different relay nodes is established. Then
the performance of RCDD is analyzed. For uncoded system, it is shown that the
error rates of RCDD system is equal to a a single two-hop relay channel because
of the fact that RCDD converts the relay channel into a SISO channel. How-
ever, when employed with channel codes, the enhanced selectivity introduced by
RCDD greatly minimizing the error rates.
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Figure 4.2: Two-hop relay system
We consider a two-hop wireless relay network that consists of a source node,
S, a destination node, D, and relay nodes RNr, r = 1, 2, ..., R, as shown in
Figure 4.2. Each nodes has a single antenna. We assume perfect channel state
information at all receivers and the transmitter only knows the statistic of fading
but not the current realization.
The transmission to and from relay terminals occurs in two orthogonal sub-
channels. In the first subchannel, the source terminal broadcasts its coded symbol
to the relay terminals. For AF relaying, amplification factor, Ar is multiplied to
the received signal to compensate the degradation from the first hop transmis-
sion. Cyclic delay is then applied to introduce diversity channel in the second-hop
transmission. The destination node receives signals from the relay nodes in the
second subchannel. We assume that there is no direct transmission from source
node to the destination node.
The channel impulse response between two terminal {p}p=S,r and {q}q=r,D is




hpq(l)δ(τ − τpq(l)) (4.1)
where τl and hpq(l) is the delay and complex amplitude of the lth path respectively.
The hpq(l) are modeled as zero-mean complex Gaussian random variables with
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variance E {|hpq(l)|2} = Ωpq(l), where we assume symmetry between relay nodes
to simplify the analysis. The channels are normalized such that
∑L
l=1 hpq(l) = 1.
A cyclic prefix with length Lcp > Lpq is introduced to convert multipath frequency
selective fading channels to flat fading sub-channels on the subcarriers.
At source node, data information symbols is convolutional coded and the high
rate input stream is demultiplexed and transmitted over N low-rate independent
frequency subcarriers. This multicarrier transmission scheme can be efficiently
implemented in practice using the Fast Fourier Transform (FFT). High rate data
sequence of lengthN , S = [S(0), ..., S(N−1)] are parsed intoN parallel subcarrier







S(k)e−j2pink/N ; n = 0, 1, ..., N − 1 (4.2)
Assuming complete elimination of ISI, the FFT modulated received signal at relay




PSHSr(k)S(k) + Z(k) (4.3)
where PS is the transmitted energy per symbol at source node, HSr(k) is the fre-
quency response of the channel between the source and the rth relay on the kth
subcarrier and Zr(k) represents the AWGN) with the real and imaginary compo-
nents assumed to be statistically independent Gaussian distributed RVs having
zero-mean and variance N0/2 per dimension. The channel frequency response
HSr(k) is assumed to be constant during the transmission of the OFDM symbol






where LSr is the length of taps in the first hop channel. We assume perfect
channel state information at any receiving node but no channel information at
transmitting nodes. All the noise terms are assumed to be independent for dif-
ferent receiving node.
Figure 4.3 shows the relay structure for the proposed relay diversity scheme.
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Figure 4.3: RCDD relay structure
For AF transmission, the amplification factor, Ar is multiplied to the received
signal to compensate the degradation from the first hop transmission.









The signal xr(n) is then cyclically delayed by a relay specific delay of length τr.
Due to the insertion of these delay, (4.5) becomes











where [a]b denotes a modulo b which is the remainder of a divided by b. From
the above expression, it can be observed that a cyclic delay of δr in time domain
is equivalent to a multiplication of phase factor Pr(k) = e
−j2piτrk/N in the fre-
quency domain, where the phase is linearly increasing with the subcarrier index.
This equivalence is the property of DFT which confirms that CDD can also be
implemented in the frequency domain as phase shift at relay node. For CDD in
multiple transmit antenna, phase shift is unattractive as it requires multiple IFFT
operation at the source node. In relay system, either cyclic delay in time-domain
or phase shift in frequency domain can be used.
For the transmission in the second time slot, CP of length Lcp ≥ LSr +
LrD, where LrD is the channel tap of the second hop channel, is added to the
transmitted symbol. Assuming complete elimination of ISI, the FFT modulated




ArHSr(k)HrD(k)Pr(k)X(k) + Z(k) (4.7)
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ArHrD(k)Pr(k)Zr(k) + ZD(k) (4.9)










4.3 Construction of the Delay Matrix
In RCDD OFDM system, the spatial diversity of the relay nodes is converted
into frequency diversity. This is achieved by appropriately selecting the cyclic
delay τr for relay r. The chosen delay values are such that the Lr = LSr + LrD
of all end-to-end relay channel becomes consecutive in their delay lags. By doing
so, the overall system can be represented by a 2-hop single relay system with an





ArHSrHrDPrX + Z (4.11)
which is length N column vector corresponding to one OFDM symbol. Here, Z is
total noise vector at the destination and Pr is the cyclic shift matrix that will be
discussed later. The channel matrices from the first and second hop transmission
are given byHSr = diag[HSr(0), ..., HSr(N−1)] andHrD = diag[HrD(0), ..., HrD(N−
1)] respectively.












1, e−j2pilr/N , ..., e−j2pilr(N−1)/N
]
(4.13)
From (4.12), it can be noted that different end-to-end relay channels may have
different channel multipaths, but they possess the same delay lags in the FFT
domain as seen in Wlr . In order to shift the Lr multipaths of each end-to-end
channel corresponding to relay r in such a way that all channel multipaths become
consecutive in their delay lags the matrices Pr is chosen to be
Pr = diag[1, e
jτr , ..., ejτr(N−1)] (4.14)
with
τr = −2pi(r − 1)Lr/N (4.15)
which makes
WlrPr = Wlr+(r−1)Lr (4.16)









Now, since hr has length RLr, it can be viewed as coming from a single two-
hop frequency selective channel. Based on (4.16), the diagonal matrix H can be











Thus the phase shift matrix Pr shifts the delay lags of the rth relay channels from
[0, LSr−1] and [0, LrD−1] to [(r−1)LSr, r(LSr−1)] and [(r−1)LrD, r(LrD−1)]
respectively.
Based on the analysis in the frequency domain above, the delay matrix which
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4.4 Performance Analysis-Diversity Gain
We consider a coded OFDM relay system with convolutional code to extract the
maximum diversity gain. In case of a convolutional code, the maximum diversity
level which can be exploited by the decoder is determined by the free distance
dfree of the code [7]. Therefore, the full spatial diversity can only be picked up if
dfree ≥ NR.
Let s denote the information block of length N . The precoded data block is
expressed as x = Θs where Θ is the code matrix. For a given channel realiza-
tion and transmitted symbol block s, conditional PEP denotes the probability of
deciding in favour of another block s′ and is given by






where d(s, s′) is the Euclidean distance between s and s′ and Q(x) is the Gaussian-
Q function [16]. Let the coded error vector u = Θ(s− s’), therefore we have




where ρ = Ps/N0 and Σr = A2HrDH
H
rD + IN . The channel matrices can be
rewritten as
Hpq = hpqWlpq (4.22)
where hpq is the channel vector between node p and q and the respective expo-
nential factor is Wlpq(k, l) = exp(−j2pi(k + 1)(l + 1)/P ), 0 ≤ k ≤ N − 1, 0 ≤





on (4.20), the upper
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bound for the average PEP is given by





























Since the component in hrD are i.i.d. Gaussian with variance 1/LrD, we have
HrD with zero-mean and unit variance. Taking the expectation with respect to
hrD, we found the upper bound of PEP to be
















It is observed in (4.24) that the PEP is not a simple exponential function of the
SNR. It involves the term (log ρ)−(
∑R
r=1 kr) due to the cascaded nature of channels
in the relaying links. This is in line with the observation of the term (log ρ)R
reported in [39] for frequency flat channel. From (4.24), we also observed that
an asymptotical diversity order of K =
∑R
r=1 min(LSr, LrD) is available for the
coded OFDM with multiple relay system.
4.5 Simulation Results
In this section, we present Monte-Carlo simulation results to demonstrate the
error rate performance of RCDD in OFDM system. We use half-rate convolutional
code with constraint length 7 which is long enough for our system to achieve
maximum diversity from the multipath channel. The coded symbols are BPSK
modulated and passed through N = 64-point IFFT for OFDM process.
First, we investigate the performance of RCDD system with two and three
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relay nodes under various scenarios as below:
• Scenario 1: LSr = 1, LrD = 1
• Scenario 2: LSr = 1, LrD = 3
• Scenario 3: LSr = 3, LrD = 1
• Scenario 4: LSr = 3, LrD = 3
As clearly seen from Figure 4.4 and Figure 4.5, the system without channel
coding the system failed to give a reasonable performance nor providing opti-
mum spatial diversity gain. Using channel coding, RCDD OFDM system is able
to extract underlying rich multipath diversity. For two relay systems, it is ob-
served that an identical diversity order is achieved for scenario 1, 2 and 3. As
predicted by the diversity gain analysis, the maximum diversity gain is given
by
∑NR
r=1 min(LSr, LrD), which in this case equivalent to 2. The diversity gain
increase for scenario 4, where the channel length for both source-to-relay and
relay-to-destination are equal to 3. The maximum diversity order available for
this scenario is 6. However, the cascaded nature of Rayleigh channels in relaying
links allows only partial diversity to be observed in the practical SNR range under
consideration. This can be observed better through a comparison with the perfor-
mance of MRC with 2 and 6 co-located antennas, which is also plotted in Figure
4.4. For the three-relay systems, the maximum diversity order as calculated for
scenario 1-3 and 4 are 3 and 9 respectively. The performance of 3 and 9 co-located
antennas are also included in Figure 4.5 for comparison purposes. In term of the
error performance, the relay system experience a performance degradation com-
pared to the point-to-point system. In a specific relay node configuration, the
system with more selective channel has better performance than the ones with
less selective.
Next we compare the performance of RCDD to the conventional CDD with
different number of antennas and relay nodes. We can see that in Figure 4.6
and Figure 4.7, the RCDD performance is worse than the conventional CDD.
This is expected as the result of cascaded relay channel. As the number of relay
node increases the performance becomes better. Unlike STBC, CDD and RCDD
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system provide full rate transmission regardless the number transmit antenna and
relay nodes respectively.



















MRC full diversity =2
MRC full diversity=6
Uncoded Scenario 1−4
Figure 4.4: BER performance of RCDD OFDM with two relay nodes
4.6 Summary
In this chapter, the principles of RCDD OFDM systems were reviewed. The
transformation of relay diversity into frequency was explained with the help of
phase diversity.
The construction of delay matrix is given. The delay value is derived such
that the end-to-end relay channel becomes consecutive in their delay lags. The
PEP for RCDD is derived to obtained the diversity gain. For relaying channel, it
is shown that the PEP is not a simple exponential function of the SNR but also
contains a constant due to the cascaded nature of the channel.
The performance of channel coded and uncoded RCDD OFDM were evalu-
ated for AF relaying over Rayleigh fading channel. The simulation results show
that the uncoded error rates of RCDD OFDM remain unchanged to a single
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MRC full diversity =3
MRC full diversity=9
Uncoded Scenario 1−4
Figure 4.5: BER performance of RCDD OFDM with three relay nodes


















Figure 4.6: BER performance of RCDD OFDM with NR = 2, 3, 4 with channel
fading tap LSr = LrD = 1
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Figure 4.7: BER performance of RCDD OFDM with NR = 2, 3, 4 with channel
fading tap LSr = LrD = 3
relay OFDM system because of the fact that RCDD converts the relay spatial
diversity into frequency. However, the channel coded results showed that the




Error Probabilities of DSTBC
and RCDD MC-CDMA
5.1 Introduction
MC-CDMA is one of the most promising candidates for future broadband mobile
communication networks standards. It mitigates the degradation due to severe
multipaths with the help of OFDM and addresses the two adverse effects associ-
ated with OFDM simplicity which are the inability to extract multipath diversity
that presents inherently in broadband wireless channel and to guarantee symbol
detection when channel nulls occur on parallel subchannels. To overcome these is-
sues, MC-CDMA uses spread and coded signals over parallel subcarriers, thereby
making full advantage of frequency diversity and guaranteeing better symbol de-
tection. Combined with STC schemes, MC-CDMA has the potential of fulfilling
the promises offered by future applications and services.
As presented in Chapter 3, distributed orthogonal block codes has been con-
sidered as the best choice for relay diversity in narrowband environments but
their use is broadband channels is questionable due to their inability to to pick
up mulitpath diversity. However when used in conjunction with an MC-CDMA
system, they achieve not only spatial diversity but also variable multipath diver-
sity depending upon the employed spreading. In comparison, CDD is an attrac-
tive approach towards achieving spatial and multipath diversity. The inherent
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simplicity and comformability with current standards makes RCDD even more
desirable for MC-CDMA system.
It is well-known that the attainable frequency diversity in MC-CDMA sys-
tem is severely hindered by PAP fluctuations which restricts the usage of large
spreading factors. Also in low delay spread channel environments, the adjacent
subcarriers are subjected to correlated fading resulting in relatively high coher-
ence bandwidth and consequently, combining adjacent subcarrier signals do not
achieve the expected performance when transmitting over low dispersion fading
channels. In light of above, CDD may be the simplest solution in low delay
spread environments which provides excellent frequency diversity even with rela-
tively small spreading factors. The combination of induced frequency selectivity
from CDD branches and inherent frequency domain spreading of an MC-CDMA
system helps in improving the system’s performance independent of FEC or chan-
nel codes which are otherwise compulsory in a simple OFDM system. CDD can
be considered as STC with no additional complexity at the receiver where the
receiver remains the same as in the case of a single two-hop relay. Above all, it
can be used for any number of relay nodes without any loss in spectral efficiency
and can be applied directly to existing standards.
To date, few studies have considered relay diversity scheme to improve the
performance of MC-CDMA system. Mostly, these studies have focused on the
application of STBC. In this section, DSTBC and RCDD schemes are introduced
for MC-CDMA system. By using this basic signal structure of the subject system
which was presented in section 2.7, the instantaneous SNRs of these two relay
diversity methods are calculated with the MRC detection technique which are























Figure 5.1: Distributed framework for cooperative MC-CDMA
5.2 RCDD and DSTBCMC-CDMA SystemMod-
eling
5.2.1 RCDD MC-CDMA
A cooperative MC-CDMA system consists of U users denoted by Su, u = 1, ..., U ,
a destination node, D and R relay nodes denoted by RNr, r = 1, ..., R as shown
in Figure 5.1. The number of users supported by the system is U, u = 1, ..., U and
restricted by U ≤ G, where G is the spreading factor. The relay nodes operate in
half-duplex mode where they receive signals from source nodes in the first time
slot and retransmit to the destination node in the second time slot. The relay
nodes employ DF protocol where they decode the received and combined symbols
and then re-encode and spread the user data using their original spreading code
from the first transmission. The signal from each relay is cyclically-delayed to
produce an artificial multipath effect seen by the destination node. It is obvious
that the first transmission hop is a multiple access case of MC-CDMA and the
second hop is a downlink MC-CDMA.
The equiprobable source data stream of the uth user is modulated and mapped
as symbol selected from the M -ary phase shift keying (M -PSK) or M -ary quadra-























Figure 5.2: RCDD MC-CDMA relay structure
may be obtained after source, channel coding and/or time-interleaving. The pro-
cessing gain of an MC-CDMA system is defined as G = N/P , where P represents
the number of symbols that a user may transmit during a signaling interval and N
is the number of subcarrier. The modulated symbols are converted into P = N/G
parallel streams, or in other words each symbol is copied according to the spread-
ing factor and multiplied with Walsh-Hadamard spreading code of the uth user
which makes the chip G times higher than the data symbol rate. Finally, to
mitigate the effects of multipath fading, CP is added between each MC-CDMA
symbol and the signal is transmitted after up-conversion. Ignoring the CP, the












Ec is the energy per OFDM symbol, and Ec = ES/N where ES is the energy per
symbol before spreading. T is the signaling interval during which P symbols per
user are generated. bup and c
u
g are the pth symbol and gth chip of the uth user,
respectively. For analytical convenience and simplicity, only a single data symbol
i.e. P = 1 is considered and therefore bu for each user and G = N .
At relay node r, after the removal of CP and subsequent FFT processing,
the received signals are subjected to despreading and detection. Ignoring the
assumption of P = 1 for the time being, the fact that the pth symbol of user u
is detected independently from the p′ symbols, where p 6= p′ for all users. Thus,
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without loss of generality, the subscript p can be omitted altogether for (5.1)
and the G = N subcarriers conveying the same symbol can be considered for






bucu(k)HuSr(k) + Zr(k) (5.2)
where PS is the transmitted power from all users and Zr(k) is the discrete AWGN
term at relay r, modeled as a zero-mean complex Gaussian random variable with
variance N0. The channel frequency response from source user u to relay node
r is given by HuSr(k) =
∑LSr−1
l=0 hSr,l exp (−j2pikl/N) where tap amplitude hSr,l
is modeled as Gaussian random variable with zero mean and variance σ2Sr,l. The
channel are normalized such that
∑LSr−1
l=0 hSr,l = 1. The estimated symbol at








where q(k) is the frequency domain equalization gain factor which is dependent
on the employed diversity combining schemes, as discussed earlier in Section
2.7. In the second time slot, we consider MC-CDMA downlink transmission
where the estimated users’ data are spread by their original spreading code from
the first transmission. For DF protocol, if the relay node is able to decode the
received signal correctly, then it forwards the decoded signal with power PR to
the destination. Otherwise, the relay does not send the signal and remains idle.
Let δr be the cyclic delay for relay r. After adding CP, the relay nodes transmit









r (k)HrD(k) + ZD(k) (5.4)
where P˜r = Pr if the relay node decodes the received signal correctly and P˜R =
0 otherwise. The noise at destination, ZD(k) is the discrete AWGN term at
relay r, modeled as a zero-mean complex Gaussian random variable with variance
N0. The channel frequency response from relay node r to destination node is
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l=0 hrD,l exp (−j2pikl/N) where tap amplitude hrD,l
is modeled as Gaussian random variable with zero mean and variance σ2rD,l. Due






We choose the length of cyclic delay for relay r to be δr = (r − 1)LrD so that
the channel taps from all relay nodes become consecutive in their delay lags, as











We assume an ideal DF cooperation protocol [85] where the relay is able to detect
whether the transmitted symbol is decoded correctly or not, which is also referred
as a selective relaying In practice, we may apply an SNR threshold at the relay.
If the received SNR at the relay is higher than the threshold, then the symbol
has a high probability to be decoded correctly. Based on the analysis above, it is
shown that the RCDD MC-CDMA collapse to a single relay system with a highly
selective channel in the second hop transmission. We assume the total transmit
power is PT = PS + PR.
The decision variable du
′










where q(k) is a frequency domain equalization gain factor which varies with the
employed single and multiuser diversity combining/detection schemes. In this
analysis, we employ MRC detection as described in Section 2.7. Let q(k) =


































= DS + IMAI + η (5.9)
where IMAI and η are the MAI and noise component respectively. For a system
with large N , the chip of the spreading codes and the input data symbol are
random, IMAI can be well approximated by zero mean Gaussian with variance
[24]




















P˜R(U − 1) +N0
(5.12)
5.2.2 DSTBC MC-CDMA
The application of DSTBC for CDMA has been presented in [102] for two users
to cooperate by help transmitting each other’s using Alamouti code. In [68],
Urothota present multiuser cooperation for more than two users in MC-CDMA
system. The relay node structure for decode and forward MC-CDMA relaying
is shown in Figure 5.3. Continuing from the model for RCDD, the received
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estimated data symbols at relay node in (5.3) are encoded by distributed STC
defined by a Tb ×R column orthogonal matrix G. These ST encoded symbol are
then passed to the spreading section, where each symbol is copied G times and
multiplied with its original spreading code from the first transmission.
For analytical convenience, consider P = 1, i.e. all U users employ the full N




















Assuming the channel response remains constant for Tb time slot and perfect CSI
is available at the receiver, then using the decoding method of [86], the recovered


































|Hr(k)|2 · diag[1] (5.15)
The exact expression of modified noise terms
[
Z1(k), ..., ZF (k)
]T
varies from sym-
bol to symbol and depends as well on the number of relay nodes.
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5.3 Performance Analysis for DSTBC and RCDD
MC-CDMA
Based on the analysis of the previous section, it is concluded that the relay MC-
CDMA system employing RCDD is equivalent to a single relay channel system
with enhanced delay spread, whereas the DSTBC MC-CDMA system also col-
lapse to an equivalent single relay model. In this section, the SER of the subject
systems are presented.











where gPSK = sin
2(pi/M).
For the transmission from the source to relay nodes in the first time slot,
the probability of incorrect decoding at relay r is P (E|γr) and the probability of
correct decoding is 1− P (E|γr). Consider two scenarios of P˜r = Pr and Pr = 0,







































Averaging the conditional SER (5.17) over Rayleigh fading channels HSr(k) and





































































dθ, in which x(θ) denotes a function with
variable θ.
5.4 Performance Comparison - DSTBC and RCDD
MC-CDMA
In the previous sections, the system modeling along with performance analysis of
RCDD and DSTBC MC-CDMA systems were presented. However the analysis
were limited to MRC which is only optimum for a single user case. Moreover,
the numerical and and simulation results were investigated only for an uncoded
system. As channel coding is an integral part of all system’s standard, therefore
for the true performance prediction of a certain scheme, the incorporation of
such methods becomes necessary, and especially for RCDD which relies mainly
106
System Parameter




Number of Subcarriers N 768
Subcarrier spacing fs = B/N 131.836 KHz
MC-CDMA Symbol Duration Tmc = 1/fs 7.585 µsec
Cyclic Prefix Lg 0.6444 µsec





Spreading Length G 16
Active Users U 1,16
Detection Method MRC, U = 1
MMSEC, U = 16
Channel Encoding Convolutional code
(rcc = 1/2, (133, 171)8)
Channel Decoding Soft Viterbi
Channel Estimation Perfect
Channel Model with 18-taps Rayleigh
Delay Spread τmax 0.63 µs
Doppler Spread fDmax 20 Hz
Relay Nodes Nrx 1
Table 5.1: Parameter settings for simulation results
on channel coding to extract the maximum diversity from the induced selectivity
of the CDD branches. Also the results were presented with the basic MC-CDMA
system configuration by assuming N = G which mean each user occupying the
whole system bandwidth.
In Figure 5.4, the SER of a RCDD MC-CDMA system has been shown with
N = 16, R = 2, 4 and L = 3. It can be observed that as the number of relay CDD
are increased from 2 to 4, the improvement in performance is significant. The
simulations also confirm the numerical results. For the performance evaluation
of DSTBC MC-CDMA system, a full rate transmission matrix G2 is used for
R = 2, while for R = 3, 4 relays, half rate matrices G3 and G4 of [86] have been
chosen. The SER evaluation has been done by normalizing the subchannel to
unity. In Figure 5.5, the numerical SER are plotted for R = 2, 3, 4 with channel
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Figure 5.4: Performance of RCDD MC-CDMA with R = 2, 3, N = 16 and L = 3.
Analytical results are generated by (5.3)
order L = 2. The simulation results show excellent agreement with the numerical
curves, thereby validating the closed-form SER expression.
In Figure 5.6, both RCDD and DSTBC diversity techniques are plotted with
R = 3. As the diversity order is similar, if equal number of multipath are realized,
therefore the clarity or error curves RCDD has been simulated with channel orders
of L = 1, 3 while DSTBC employs L = 4. As expected, DSTBC performs better
than CDD because higher channel order and consequently, the diversity gain.
5.5 Summary
This chapter presents the DSTBC and RCDD for MC-CDMA system. First, a
brief overview on cooperative MC-CDMA is given. Next, the system model of
DSTBC and RCDD in MC-CDMA is presented based on the distributed frame-
work for cooperative MC-CDMA. The instantaneous SNR for both systems is
obtained where MRC detection is used at the destination.
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Figure 5.5: Performance of DSTBC MC-CDMA system with R = 2, 3, 4, N=16
and L = 2. Analytical results are generated by using (5.3)
The contribution of the chapter is the derivation of closed-form expression of
the symbol error probabilities of RCDD and DSTBC MC-CDMA system. It has
been shown that both uncoded systems can achieve RL diversity order, however
compared to RCDD, the DSTBC system suffers from rate loss for more than two
relays and also complexity at the destination end. RCDD provides significant
performance improvement in both low and and high delay spread channels. The
enhanced frequency selectivity induced by the RCDD relays provides additional
coding gain when used with channel codes and even outperform DSTBC.
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R−CDD, L=1, M=4, Analysis
R−CDD, L=3, M=4, Analysis
D−STBC, L=4, M=4, Analysis
R−CDD, L=1, M=2, Analysis
R−CDD, L=3, M=2, Analysis
D−STBC, L=4, M=4, Analysis
Simulation
Figure 5.6: Performance comparison of DSTBC and RCDD MC-CDMA with





In this chapter, a cyclically delayed DSTBC or hybrid relay diversity (HRD) is
presented for OFDM system. This relay diversity addresses the issue of achieving
maximum spatial and multipath diversity from the broadband channel environ-
ments. Hybridizing RCDD with distributed orthogonal block coding may be
the least complex relay structure as the cyclic delay converts spatial diversity
into frequency by artificially increasing the channel delay spread and importantly
without increasing the complexity at the destination.
Relay diversity techniques of RCDD and DSTC has been thoroughly inves-
tigated for OFDM and MC-CDMA in the previous chapters. The performance
analysis combined with numerical and simulation results were presented for the
individual incorporation of this relay diversity schemes. It was concluded that
CDD is extremely simple to implement and becomes real competitive with block
codes, however in certain scenarios such as fully loaded MC-CDMA system, the
DSTBC always perform better than RCDD. Similarly, for a simple OFDM sys-
tem, the coded results revealed that RCDD cannot compete with the distributed
Alamouti scheme. RCDD can outperform block codes for the same spectral effi-
ciency but for that additional relay nodes are required. In parallel, the realization
of block codes for more than two relay nodes becomes impractical because of the
complexity at destination node and loss of spectral efficiency.
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Based on the above observations, a novel hybrid relay diversity (HRD), is
presented in this chapter. It provides a simple solution to realize an excellent per-
formance, low complexity and highly spectral efficient OFDM relay system.The
basic idea is to extract the spatial diversity with orthogonal STBC, whereby the
presence of cyclic delay helps in achieving the maximum frequency diversity from
the broadband channel. To achieve this goal, an arbitrary number of relay nodes
are employed and by trading the order of cyclic delay, a low delay spread broad-
band channel is converted into a highly selective one. Similarly, for large enough
delay spread, low order of cyclic delay could be employed to achieve the same
performance. Hence, it is an interplay between spatial and frequency diversity.
The amount of spatial diversity purely depends on the employed STC technique.
Cyclic delay converts the spatial diversity of the cyclic delayed branches into
frequency which is picked by the FEC or other channel coding techniques.
6.2 HRD for Relay OFDM
We consider a two-hop OFDM wireless relay network with N subcarriers, that
consists of a source node, S, a destination node, D, and relay nodes RNr, r =
1, ..., R, as shown in Figure 4.2. Each nodes has a single antenna. We assume
perfect channel state information at all receivers and the transmitter only knows
the statistic of fading but not the current realization. The relay system is half-
duplex where transmission to and from relay terminals occurs in two orthogonal
subchannels. In the first subchannel, the source terminal broadcasts its coded
symbol to the relay terminals. For AF relaying, amplification factor, Ar is mul-
tiplied to the received signal to compensate the degradation from the first hop
transmission. A novel hybrid delay diversity coding is applied to introduce di-
versity channel in the second-hop transmission. The destination node receives
signals from the relay nodes in the second subchannel. We assume that there is
no direct transmission from source node to the destination node.
For simplicity, equal number of Q cyclic delay process for each P coding is
assumed and with that the relay indices (p, q) can be mapped to relay node index
r by
r(p, q) = (p− 1)Q+ q for 1 ≤ p, q ≤ P,Q (6.1)
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The channel coded information sequence bˆ = [bˆ1, bˆ2, ..., bˆF ]
T of length F is
generated by the discrete time convolution of source bit column vector aˆ =
[aˆ1, aˆ2, ..., aˆNc ]
T , aˆi ∈ {−1,+1} of length Nc with the impulse response of the
encoder. A convolutional encoder is considered here, however any other channel
coding technique can be applied. Nc bits are fed to encoder to generate F channel
encoded bits [69]. The symbol mapper produce vector b = [s1, s2, ..., sF¯ ]
T of size
FM by mapping each log2M bits of sˆ, where F¯ = F/log2M . The modulated
symbols are then processed by the N ×N IFFT matrix to yield
x = FHNs (6.2)
To incorporate the block fading channel model [9], the coded frame length F
has been divided into V independent fading blocks, each packed with U¯ symbols.
Channel coherence time, coherence bandwidth and OFDM symbol duration are
presented by Tc, Bc and Ts respectively. Let Tc = JTs then U¯ = JN and
F = V U¯ = V JN , where J is an integer. The channel order or the selectivity
is defined as L + B/Bc, where B represents the total signal bandwidth. We
introduce the block fading indices, 1 ≤ v ≤ V and 1 ≤ j ≤ J into the channel
frequency response expression of Hi(k) so that





where Hi(v, j, k) represents the channel frequency response of link i, i = Sr, rD
at kth subcarrier, jth OFDM symbol and within the vth time block. The channel
impulse responses are assumed invariant over all J OFDM symbols as the channel
impulse responses are the same within the vth time block. The taps hi(v, l) =
αi(v, l)e
jθl are uncorrelated with phase θl uniformly distributed over [0, 2pi] for all
i = Sr, rD; r = 1, ..., R. Finally, with the introduction of block fading indices,
the transmitted symbol matrix can be expressed as
X = [x1,1, ...,x1,J︸ ︷︷ ︸
J
,x2,1, ...,x2,J︸ ︷︷ ︸
J















Figure 6.1: Hybrid relay structure
where xv,j = [xv,j(0), ..., xv,j(N − 1)]T . After the insertion of CP with length
Lcp ≥ LSr, the signal is transmitted to R relay nodes.
6.2.1 Relay Node Processing
At relay node, after removal of CP and subsequent processing by the N×N FFT
matrix FN , the signal received at the rth relay node can be expressed as
yr(v, j) = HSrxv,j + zr (6.5)
where zr is the i.i.d AWGN vector with length N and the diagonal channel matrix
is given by HSr = diag[HSr(v, j, 0), ..., HSr(v, j,N − 1)] with each component
HSr(v, j, k) according to (6.3). The received vector are fed to ST encoder which






r(N − 1)]T , where p is the index of STBC






After the insertion of CP with length Lcp ≥ R(LSr +LrD), the signal transmitted
from rth relay is given by
xr = Arp
qsp (6.7)







which is exactly the same as (4.19) except for the relay index. Then the relay
nodes transmit the signal simultaneously to the destination.
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6.2.2 Destination Node Processing
At the destination, after the removal of CP and subsequent processing by N ×N






Ar(p,q)HSr(p,q)Hr(p,q)Dxr(v, j) + ZD (6.9)
where ZD is the i.i.d. AWGN vector with length N and the diagonal chan-
nel matrix HrD = diag[HrD(v, j, 0), ..., HrD(v, j,N − 1)] with each component
HrD(v, j, k) is as in (6.3). Following analysis in Section 4.3, it can be shown that
for HRD scheme, the spatial diversity of the RCDD relay for each STBC coded
is converted into frequency diversity and the receiver sees the signal coming from
P relay nodes, regardless the fact that a total of R relay nodes are being used for
transmission. Hence by selecting the CDD matrices Pq as per (4.14), the received






r + zD (6.10)




rD(N − 1)] is the modified diagonal channel ma-
trix. Also, the frequency response of (6.3) changes to HrD(v, j, k) =
∑QL−1
l=0
is the modified diagonal channel matrix. The HRD scheme can thus be sum-
marized as i) a simple SF/ST coded system which provides P th order spatial
diversity and QL order channel selectivity, ii) zero cyclic delays on the first CDD
branches,(q = 1) corresponding to each p, lead to the original ST/SF encoded
symbol being transmitted., iii) for P = 1, the HRD scheme collapse to a simple
CDD relay with no ST/SF coding and iv) for the realization of combined spatial
and frequency diversity R ≥ 3.
6.3 Simulation Results
In this section, simulation results are presented to test the performance of HRD
OFDM system. All results are produced for BER versus SNR per bits (Eb/No).
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A total bandwidth of 20 MHz with N = 64 subcarriers (IFFT/FFT points) and
a mandatory guard interval of 16 samples are chosen. A half rate convolutional
encoder (rcc = 1/2, (133, 171)8) and soft Viterbi decoder is used for channel de-
coding. Perfect channel estimation and MRC detection scheme is used for the
error performance evaluation.
The channel delay spread plays an important role in the performance of HRD
scheme. In order to appreciate the importance of multipath diversity, HRD is
simulated with R = 3, 4, 6 relays in the presence of multipath channel with differ-
ent channel orders of of L = 1, 3 . The relay nodes configuration R = 3 used here
to employ P = 2 and one additional CDD with any of the pth relay. The frame
size is now F = 2048 bits representing a total of V = 16 independent fading
blocks with QPSK modulation. The improvement in performance by increasing
the number of either tap or the CDD relay is obvious in Figure 6.2.
Next, the error curves for HRD scheme employing only STC block encoded
relays i.e. R = P = 3, 4 are plotted in comparison with the hybrid of ST block
encoded and CDD relays (P = 2, Q = 1, 2) employing R = 3, 4 relay nodes. A
coded frame length of F = 2048 is considered. An 18-tap Rayleigh channel model
is chosen. As shown in Figure 6.3, in highly selective channel, the performance of
HRD and DSTC is comparable although with R = 4, there is a small performance
gain for HRD at high SNR. Note that although the performance of DSTBC is
comparable to HRD, it suffers rate loss due coding and more complexity at the
receiver end. Finally, the performance comparison for HRD against stand alone
RCDD is given in Figure 6.4. In this case HRD outperform the RCDD. Therefore,
HRD provides alternative solution for the realization of maximum of spatial and
multipath diversity for more than relay nodes.
6.4 Summary
In this chapter, a new combination of orthogonal block code and CDD was intro-
duced for OFDM system. The system has been investigated in AF relay protocol
in broadband channel. The hybrid relay diversity scheme combines the simplicity
and standard conformability of CDD with STBC. In order to achieve maximum
spatial and frequency diversity, the novel combination of full rate block codes
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Figure 6.2: BER performance of HRD scheme for R=3,4,6 relay nodes P = 2 ST
encoded and Q = 1, 2, 3 CDD branches for channel orders L = 1, 3















Figure 6.3: BER performance of HRD OFDM and DSTBC with R = 4, p = 2
and q = 2
117















Figure 6.4: BER performance of HRD OFDM and RCDD with R = 4, p = 2 and
q = 2
with variable CDD process provides a simple solution for more than two relay
nodes.
The simulation results show the performance of HRD with various configura-
tions. The results also proved that HRD gives better error performance compared




In this thesis, distributed orthogonal block code and relay CDD were explored for
OFDM and MC-CDMA systems. These schemes are amongst the most attractive
relay diversity schemes because of their excellent performance. The performance
of these relay diversity techniques has been been investigated with frequency se-
lective Rayleigh fading channel model. In addition, a hybrid combination of CDD
and orthogonal block code was presented which provides an attractive solution
to improve the system performance while maintaining affordable complexity at
the destination terminal.
7.1 Thesis summary
The contribution of this thesis are based on the works presented in Chapter 3, 4,
5 and 6. These are thoroughly explained in Chapter 1 and summarized as below.
7.1.1 Chapter 1
An overview of the research is given. Cooperative communications is proposed to
overcome the limitations of MIMO systems to having multiple (more than two)
antenna embedded on user devices. Multiple antenna need to transmit signals
in a way that they do not interfere each other while maintaining the spectral




Fundamentals needed to understand and appreciate the thesis. Wireless com-
munication channels subject ot degradation due to time variant multipath prop-
agation. Channels are modeled statistically using Rayleigh, Nakagami-m and
Rician. OFDM is chosen in broadband due to its ability to combat multipath
fading using cyclic prefix and simple equalization at receiver. MC-CDMA is an
OFDM-based multiple access scheme. Relaying can be in parallel (two-hop) or
series (multihop). Parallel gives diversity and multiplexing gain and series gives
pathloss gain. Relays operate in time-duplex which receive and transmit in dif-
ferent time slots or subchannel. Relay protocol can be AF or DF. The protocol
is chosen based on the channel condition; if the channel is good, choose DF, if
channel is bad, choose AF so there will be no error propagation. Performance
measures are diversity, multiplexing and multipath gain, average SNR and error
probability.
7.1.3 Chapter 3
DSTBC system over multipath fading channel can achieve diversity gain of LR
where L = min(LSr, LrD) for r = 1, ..R, where R is the number of relay. However,
with increase number of relay, it is not possible to have full-rate transmission due
to the design of the orthogonal code. DSTBC cannot compete with MIMO STBC
in terms of error, although can achieve similar diversity gain.
7.1.4 Chapter 4
RCDD is a simple diversity technique that can be implemented with any num-
ber of relay nodes without the need of complicated receiver structure. RCDD
can achieve diversity gain of LR which is similar to DSTBC. RCDD wins over
DSTBC in terms of simplicity and data rate although DSTBC has better error
performance. The implementation of delay can be done in time-domain (time
delay) or frequency-domain (phase shift.)
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7.1.5 Chapter 5
In this chapter, the performance of RCDD and distributed orthogonal block code
coded are investigated for MC-CDMA system. The relaying employs decode-and-
forward protocol and the closed form exact SER for M -PSK signals were derived.
Performance comparison between between DSTBC and RCCD are presented with
simulations. The average SER of the system is derived using MGF-based ap-
proach.
7.1.6 Chapter 6
A novel hybrid relay diversity technique which combines cyclic delay and orthog-
onal block code was presented. This new architecture cyclically delayed orthogo-
nal coded symbol to increase the diversity of the channel. The simulation results
showed that the HRD scheme outperform its constituents by a significant margin.
This technique provides design flexibility to devise the best suited relay config-
uration strategy for any desired performance according to the wireless channel
environments.
7.2 Future Research Directions
Although the concept of relaying has been around for decades, there are still
many open problems for this channel. For example, in general the capacity of
the relay channel is unknown even for the case of Gaussian channels. As a result,
most of the research efforts have focused on finding efficient protocols that lead
to lower bound on the capacity [49].
In order to further enrich the future works, the author of this thesis suggests
the following possible research direction:
• Finally, the HRD scheme presented in the thesis provides an alternative
architecture to realize the combination of spatial and multipath diversity.
Standalone RCDD and distributed orthogonal block code is well known,
however, when used as a hybrid technique, these two relay diversity tech-
niques compliment each other by providing flexible solutions for a system
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with more than two relay nodes. In the literature, various combinations of
STC with other techniques exist, such as selection diversity and beamform-
ing.
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Appendix A: Proof of Equation
(3.22)



















For a given error vector e = s − s′ 6== 0, errors occur in at least one group.
The precoded error vector in a group has all non-zero entries if the error vector
in that group is non-zero [52]. Suppose the mth group is one of the erroneous
groups, i.e. sm 6= s′m, 1 ≤ m ≤ M . Then we have um(q) 6= 0, ∀q ∈ {1, 2, ..., L}.
Noting L = max (LSr, LrD) and introducing a matrix P which contains the first




















(‖u‖2)). Since the matrix inside the determi-












1 + ραr|u(im,l)|2 ×
1 + ραr|u(i)|2A2r+ραr|u(im,l)|2A2r|DrD(ik,l)|2 + 1A2r+ραr|u(ik,l)|2A2r

(3)
where αr = LSrPS/8 and ik,l = (l−1)N +k, l = 1, ..., LSr. Since the components
in hrD are i.i.d. Gaussian with variance 1/LrD, we have DrD(ik,l) CN (0, 1).
taking the expectation with respect to hrD, we obtain the following two cases at
high SNR:
• Case 1 (LSr ≤ LrD):


















. Here we have used the fact |u(ik,l)|2 ≥ v [52].
• Case 2 (LSr > LrD)












Replacing (5) in (3.21), we obtain (3.22).
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Appendix B: Proof of Equation
(3.37)
In order to prove (3.37), we need to find the MGF of Γ(X, Y ) := XY/(X + Y +
1), where X and Y are two independent and exponentially distributed random
variables with mean X¯ and Y¯ . The cumulative distribution function (CDF) of
Γ(X.Y X) to be














for γ > 0, where σ := X¯ + Y¯ , p := X¯Y and Kv(·) denotes the modified Bessel
function of the second kind and order v.
We take the derivative with respect to σ in (6) to obtain the probability
density function (PDF) of Γ(X, Y ) and we use [1] for the derivative of K1(γ) in




























, γ > 0 (7)



































































where α := (σ − pµ)/p, β := 2/√p.



















































for Re{µ} < σ/p+ 2/√p, where ρ := √δ2 − 4p and δ := σ− pµ. Similar to (12),
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We note that the above integral is the same as the integral in (12). Consequently,
we use [22] again to find the integral in (14) and after differentiating with respect
























for Re{µ} < σ/p + 2/√p. Now, if we substitute (3.21) and (15) into (1), we
obtain the MGF of Γ(X, Y ), and consequently after replacing X with γ1,r and Y
with γ2,r we obtain (3.37).
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